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Abstract: We present a full diagrammatic computation of the one-loop corrections from
the neutrino/sneutrino sector to the renormalized neutral CP-even Higgs boson self-energies
and the lightest Higgs boson mass, Mh, within the context of the so-called MSSM-seesaw
scenario. This consists of the Minimal Supersymmetric Standard Model with the addition
of massive right handed Majorana neutrinos and their supersymmetric partners, and where
the seesaw mechanism is used for the lightest neutrino mass generation. We explore the
dependence on all the parameters involved, with particular emphasis in the role played by
the heavy Majorana scale. We restrict ourselves to the case of one generation of neutri-
nos/sneutrinos. For the numerical part of the study, we consider a very wide range of values
for all the parameters involved. We find sizeable corrections to Mh, which are negative in
the region where the Majorana scale is large (1013 − 1015GeV) and the lightest neutrino
mass is within a range inspired by data (0.1−1 eV). For some regions of the MSSM-seesaw
parameter space, the corrections to Mh are substantially larger than the anticipated Large
Hadron Collider precision.
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1 Introduction
The current impressive experimental data on neutrino mass differences and neutrino mix-
ing angles [1] indicate clearly a signal of new physics beyond the so far successful Standard
Model of Particle Physics (SM). In order to incorporate the non-vanishing neutrino masses
required by data an extension of the SM with massive neutrinos is mandatory. Among the
various possibilities to extend the SM we choose here the most popular one that incorpo-
rates massive Majorana neutrinos and also stabilizes the electroweak symmetry breaking
scale, v = 174GeV, against potentially large radiative corrections in the presence of the
new physics scale. We refer to the simplest version of a supersymmetric extension of the
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SM, the Minimal Supersymmetric Standard Model (MSSM) [2–4], with the addition of
heavy right-handed Majorana neutrinos, and where the well known seesaw mechanism of
type I [5–9] is implemented to generate the observed small neutrino masses. From now on
we will denote this model by “MSSM-seesaw”.
In this MSSM-seesaw context, the smallness of the light neutrino masses, mν ∼
m2D/mM , appears naturally due to the induced large suppression by the ratio of the two
very distant mass scales. Namely, the Majorana neutrino mass mM , that represents the
new physics scale, and the Dirac neutrino mass mD, which is related to the electroweak
scale via the neutrino Yukawa couplings Yν , by mD = Yνv sin β. The Higgs sector content
in the MSSM-seesaw is as in the MSSM [10], and tanβ is given, as usual, by the ratio of
the two MSSM Higgs vacuum expectation values (v.e.v.s). Although the present neutrino
data requires two or more neutrino generations, we shall adopt here the simplest case of
one neutrino generation in order to fully understand first the role of one single Majorana
scale mM , and postpone the more complex case of three generations for a future work. In
this simplified one-generation MSSM-seesaw framework, small neutrino masses of the order
of mν ∼ 0.1−1 eV can be easily accommodated with large Yukawa couplings, Yν ∼ O(1), if
the new physics scale is very large, within the range mM ∼ 1013 − 1015GeV. This is to be
compared with the Dirac neutrino case where, in order to get similar small neutrino masses,
extremely tiny, hence irrelevant, Yukawa couplings of the order of Yν ∼ 10−12 − 10−13 are
required.
The hypothesis of Majorana massive neutrinos is very appealing for various reasons,
including the interesting possibility of generating satisfactorily baryogenesis via leptogen-
esis [11], and also because they can produce an interesting and singular phenomenology
due to their potentially large Yukawa couplings to the Higgs sector of the theory, the
MSSM in the present case. Among the most striking phenomenological implications of
these MSSM-seesaw scenarios (for a general overview and selected references therein, see,
for instance [12]), it is worth mentioning: 1) the prediction of sizeable rates for lepton flavor
violating processes, indeed within the present experimental reach for specific areas of the
model parameters [13–21], 2) non-negligible contributions to electric dipole moments of
charged leptons [22–24], and 3) the occurrence of sneutrino-antisneutrino oscillations [25]
and sneutrino flavor-oscillations [26].
The present paper investigates another implication of heavy Majorana neutrinos that
could be as relevant as these previously mentioned ones. More specifically, we are inter-
ested here in the indirect effects of Majorana neutrinos via their radiative corrections to
the MSSM Higgs boson masses. In particular, our study will be focused on the radiative
corrections to the lightest MSSM CP-even h boson mass, Mh, due to the one-loop contri-
butions from the neutrino/sneutrino sector within the MSSM-seesaw framework. Previous
studies in particular SUSY scenarios and under specific assumptions on the model param-
eters [19–21, 27–30] indicate that the size of these radiative corrections to the Higgs mass
parameters in the case of extremely heavy Majorana neutrinos can be sizeable due to the
large size of Yν .
For the estimates of the total corrections to Mh in the MSSM-seesaw, obviously, the
one-loop corrections from the neutrino/sneutrino sector that we are interested here have to
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be added to the existing MSSM corrections. The status of radiative corrections toMh in the
non-ν/ν˜ sector, i.e. in the MSSM without massive neutrinos, can be summarized as follows.
Full one-loop calculations [31–33] have been supplemented by the leading and subleading
two-loop corrections, see [34] and references therein. Together with leading three-loop
corrections [35–37] the current precision in Mh is estimated to be ∼ 2− 3GeV [34].
Regarding the previous estimates of neutrino/sneutrino radiative corrections to the
Higgs mass parameters the status is as follows. In ref. [27] the one-loop corrections to Mh
were estimated within a split SUSY scenario where the soft-SUSY-breaking mass associated
to the right handed neutrino, mR˜, was chosen to be very large, of the order of the Majorana
scale mM . They worked in the zero external momentum approximation and switching off
the SU(2)×U(1) gauge interactions. Besides, they used the mass insertion approximation
for the other soft-breaking sneutrino parameters, Aν and Bν , associated to the trilinear
coupling and neutrino B-term respectively. A large and negative correction from the neu-
trino/sneutrino sector of the order of a few tens of GeV was found for mM = 10
14GeV
and mR˜ ∼ O(mM ). In ref. [28] the radiative one-loop effects of the neutrino B-term on
the Higgs mass parameters within the context of mSUGRA (with universal scalar masses
at the mSUSY, including mR˜) were analyzed by means of the renormalization group equa-
tions (RGEs). They found large effects from this Bν term that indeed could destabilize
the electroweak symmetry breaking. By requiring a proper breaking in this mSUGRA
framework they concluded with an upper bound of BνY
2
ν /(8π
2) < mSUSY/ tan β. Large
corrections to the Higgs soft mass parameters within a SUSY-seesaw framework with to-
tal or partial universality conditions have also been found by a similar RGEs analysis
in [19–21, 29, 30]. In [19–21] it was concluded that these corrections induce a considerable
decrease in the physical Higgs boson masses which in turn enhance the rates of the Higgs-
mediated LFV processes. In [29, 30] the large threshold corrections found from the heavy
neutrinos/sneutrinos were shown to affect, and even dominate at large Bν , the radiative
breaking of the electroweak symmetry and also modify considerably the predictions on the
neutralino dark matter abundance.
In this work, we will consider instead the more general MSSM-seesaw scenarios with
no universality conditions imposed, and explore the full parameter space, without restrict-
ing ourselves just to large or small values on neither of the relevant neutrino/sneutrino
parameters. In principle, since the right handed Majorana neutrinos and their SUSY part-
ners are SU(2) × U(1) singlets, there is no a priori reason why the size of their associated
parameters should be related to the size of the other sector parameters. In the numerical
estimates, we will therefore explore a wide interval for all the involved neutrino/sneutrino
relevant input parameters.
We will present here a full one-loop computation of the radiative corrections to the
lightest CP-even Higgs boson mass from the (one generation) neutrino/sneutrino sector in
which we will not use any of the previous approximations and we will not set the external
momentum to zero. The complete set of one-loop neutrino/sneutrino contributing diagrams
will be taken into account, with both Yukawa and gauge couplings switched on. We also
analyze the results in several renormalization schemes, which will be shown to provide
remarkable differences. In addition, we present some analytical and numerical results in
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the interesting limit of very large mM as compared to all other scales involved, which will
help us in the understanding of the important issue of the decoupling/non-decoupling of
the heavy Majorana scale. Our further study in the particular region of large mM and mR˜
will also allow us to compare our results with those in [27].
Our final aim is to find out to what extent the radiative corrections computed here enter
into the measurable range. The experimental perspectives for the Higgs mass measurements
with precision enough to be sensitive to such sizeable radiative corrections, as the ones
found here, are indeed quite promising. The LHC has good prospects to discover at least
one neutral Higgs boson over the full MSSM parameter space and a precision on the
mass of a Standard Model (SM)-like Higgs boson of ∼ 200MeV are expected [38–42]
(see e.g. [43–45] for reviews). At the ILC a determination of the Higgs boson properties
(within the kinematic reach) will be possible, and an accuracy on the mass could reach the
50MeV level [46–51]. The interplay of the LHC and the ILC in the neutral MSSM Higgs
sector will improve certainly these measurements [52–54].
The paper is organized as follows. In section 2, we summarize the most important
ingredients of the MSSM-seesaw scenario that are needed for the present computation of
the Higgs mass loop corrections. These include, the setting of the model parameters and
the complete list of the Lagrangian relevant terms. A complete set of the corresponding
relevant Feynman rules in the physical basis is also provided here. They are collected in
the appendix A and, to our knowledge, they are not available in the previous literature.
We also comment shortly in section 2 on the comparison between the Dirac and the Ma-
jorana cases. In section 3 we present the renormalization procedure and emphasize the
differences between the selected renormalization schemes, specifically, the on-shell and the
DR schemes. Section 4 is devoted to the results. First we present the analytical results for
the renormalized Higgs boson self-energies (the main formulas are collected in appendix B).
Then we present the numerical results in terms of all the relevant neutrino/sneutrino pa-
rameters that we explore exhaustively in the full plausible range. We also include in this
section a study of the behavior of the renormalized Higgs self-energies in the large mM
limit. The final part of this section summarizes the main numerical results for the lightest
Higgs boson mass corrections. Finally, section 5 contains the conclusions.
2 The MSSM-seesaw model
The model we are interested in here is the MSSM extended by right handed neutrinos and
their SUSY partners, and where a seesaw mechanism of type I [5–9] is implemented to
generate the neutrino masses and mixing angles. This is called usually the MSSM-seesaw
model. For simplicity, as already announced in the introduction, we will restrict here to the
one generation neutrinos/sneutrinos case although the full compatibility with present neu-
trino data for mass differences and mixing angles, requires additional neutrino generations.
Since the main idea is to analyze the radiative corrections from the neutrino-sneutrino
sector to the lightest Higgs mass, we restrict ourselves to the case of one generation of
neutrinos/sneutrinos. We illustrate first this simpler case and postpone the more complex
case of three generations for a future work.
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2.1 The neutrino/sneutrino sector
The MSSM-seesaw model with one neutrino/sneutrino generation is described in terms of
the well known MSSM superpotential plus the new relevant terms contained in:
W = ǫij
[
YνHˆ
i
2 Lˆ
jNˆ − YlHˆ i1 Lˆj Rˆ
]
+
1
2
Nˆ mM Nˆ, (2.1)
where mM is the Majorana mass and Nˆ = (ν˜
∗
R, (νR)
c) is the additional superfield that
contains the right-handed neutrino νR and its scalar partner ν˜R. Here and in the following
f c denotes the particle-antiparticle conjugate (c-conjugate in short) of a fermion f (f c =
Cf¯T ) and f˜∗ denotes the complex conjugate of sfermion f˜ . The lepton Yukawa couplings
are Yl,ν, and we use the convention ǫ12 = −1 . The other superfields, Lˆ containing the
lepton (νL, eL) and slepton (ν˜L, e˜L) SU(2) doublets, Rˆ containing the lepton (eR)
c and
slepton e˜∗R SU(2) singlets, and Hˆ1,2 containing the Higgs boson SU(2) doublets and their
SUSY partners, are as in the MSSM. We follow here the notation of [10].
There are also new relevant terms in the soft SUSY breaking potential due to the
additional sneutrinos ν˜R [25]:
V ν˜soft = m
2
L˜
ν˜∗Lν˜L +m
2
R˜
ν˜∗Rν˜R + (YνAνH
2
2 ν˜Lν˜
∗
R +mMBν ν˜Rν˜R + h.c.) . (2.2)
After electro-weak (EW) symmetry breaking, the charged lepton and Dirac neutrino
masses can be written as
ml = Yl v1 , mD = Yν v2 , (2.3)
where vi are the vacuum expectation values (VEVs) of the neutral Higgs scalars, with
v1(2) = v cos(sin)β and v = 174GeV.
The 2× 2 neutrino mass matrix is given in terms of mD and mM by:
Mν =
(
0 mD
mD mM
)
. (2.4)
Diagonalization of Mν leads to two mass eigenstates, ni (i = 1, 2), which are Majorana
fermions:
n1 ≡ ν = cos θ(νL + (νL)c)− sin θ(νR + (νR)c) ,
n2 ≡ N = sin θ(νL + (νL)c) + cos θ(νR + (νR)c) (2.5)
with the respective mass eigenvalues given by:
mν,N =
1
2
(
mM ∓
√
m2M + 4m
2
D
)
. (2.6)
It should be noticed that we have introduced an alternative notation that makes it easier
to identify the specific neutrino by its mass: ν is the lighter one and N is the heavier
one. It should also be kept in mind that with this convention mν < 0 and mN > 0, but
the physical Majorana neutrino states have the proper positive masses. These physical
neutrinos can be reached by an additional rotation, ν → ν ′ = eiγ5pi/2ν = −iγ5ν, leading
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to mν′ = |mν |. However, we prefer to work instead with the mass eigenstates in (2.5) to
avoid extra i and γ5 factors in the computation. Of course the final results in this work for
the Higgs mass corrections are not sensitive to this choice.
The mixing angle that defines the mass eigenstates is given by,
tan θ = −mν
mD
=
mD
mN
. (2.7)
Other useful relations between the model parameters mD, mM and the physical neutrino
parameters, mν , mN and θ are the following:
sin2 θ =
−mν
mN −mν =
1
2
(
1− mM√
m2M + 4m
2
D
)
, (2.8)
cos2 θ =
mN
mN −mν =
1
2
(
1 +
mM√
m2M + 4m
2
D
)
, (2.9)
mD =
1
2
√
(mN −mν)2 − (mN +mν)2 , (2.10)
m2D = −mνmN , (2.11)
mM = mν +mN . (2.12)
Regarding the sneutrino sector, the sneutrino mass matrices for the CP-even, M˜+, and
the CP-odd, M˜−, subsectors are given respectively by [25]:
M˜2± =
(
m2
L˜
+m2D +
1
2M
2
Z cos 2β mD(Aν − µ cot β ±mM )
mD(Aν − µ cot β ±mM ) m2R˜ +m2D +m2M ± 2BνmM
)
. (2.13)
The diagonalization of these two matrices, M˜2±, leads to four sneutrino mass eigenstates,
n˜i (i = 1, 2, 3, 4) with respective CP parities CP(n˜1,2) = +1 and CP(n˜3,4) = −1:
n˜1 ≡ ν˜+ =
√
2(cos θ+Re ν˜L − sin θ+Re ν˜R) ,
n˜2 ≡ N˜+ =
√
2(sin θ+Re ν˜L + cos θ+Re ν˜R) ,
n˜3 ≡ ν˜− =
√
2(cos θ− Im ν˜L − sin θ− Im ν˜R) ,
n˜4 ≡ N˜− =
√
2(sin θ− Im ν˜L + cos θ− Im ν˜R) . (2.14)
It should again be noted that we have introduced an alternative notation that makes it
easier to identify the specific sneutrino by its parity and mass: ν˜+, N˜+ are respectively the
lighter and the heavier ones with CP = +1, and ν˜−, N˜− are the lighter and the heavier
ones with CP = −1. The corresponding mass eigenvalues are:
m2
ν˜+,N˜+
=
1
2
(
m2M +m
2
L˜
+m2
R˜
+ 2m2D +
1
2
M2Z cos 2β + 2BνmM
)
(2.15)
∓ 1
2
√
4m2D(Aν−µ cot β+mM )2 +
(
m2M+m
2
R˜
−m2
L˜
− 1
2
M2Z cos 2β+2BνmM
)2
,
m2
ν˜−,N˜−
=
1
2
(
m2M +m
2
L˜
+m2
R˜
+ 2m2D +
1
2
M2Z cos 2β − 2BνmM
)
(2.16)
∓ 1
2
√
4m2D(Aν−µ cot β−mM )2 +
(
m2M+m
2
R˜
−m2
L˜
− 1
2
M2Z cos 2β−2BνmM
)2
.
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The mixing angles in the two subsectors are given respectively by:
sin 2θ± =
2mD(Aν−µ cot β ±mM )√
4m2D(Aν−µ cot β ±mM )2 +
(
m2M+m
2
R˜
−m2
L˜
− 12M2Z cos 2β ± 2BνmM
)2 .
(2.17)
2.2 The Higgs boson sector at tree-level
In this subsection we summarize the Higgs-boson sector of our model at tree-level. Contrary
to the SM, in the MSSM two Higgs doublets are required. The Higgs potential [55]
V = m21|H1|2 +m22|H2|2 −m212(ǫabHa1Hb2 + h.c.)
+
1
8
(g2 + g′2)
[|H1|2 − |H2|2]2 + 1
2
g2|H†1H2|2 , (2.18)
contains m1,m2,m12 as soft SUSY breaking parameters; g, g
′ are the SU(2) and U(1) gauge
couplings, and ǫ12 = −1.
The doublet fields H1 and H2 are decomposed in the following way:
H1 =
(
H01
H−1
)
=
(
v1 +
1√
2
(φ01 − iχ01)
−φ−1
)
,
H2 =
(
H+2
H02
)
=
(
φ+2
v2 +
1√
2
(φ02 + iχ
0
2)
)
. (2.19)
The potential (2.18) can be described with the help of two independent parameters (besides
g and g′): tan β = v2/v1 and M2A = −m212(tanβ + cot β), where MA is the mass of the
CP-odd Higgs boson A.
The diagonalization of the bilinear part of the Higgs potential, i.e. of the Higgs mass
matrices, is performed via the orthogonal transformations(
H
h
)
=
(
cosα sinα
− sinα cosα
)(
φ01
φ02
)
, (2.20)
(
G
A
)
=
(
cos β sinβ
− sinβ cosβ
)(
χ01
χ02
)
, (2.21)
(
G±
H±
)
=
(
cos β sinβ
− sinβ cosβ
)(
φ±1
φ±2
)
. (2.22)
The mixing angle α is determined through
α = arctan
[ −(M2A +M2Z) sin β cos β
M2Z cos
2 β +M2A sin
2 β −m2h
]
, −π
2
< α < 0 . (2.23)
One gets the following Higgs spectrum:
2 neutral bosons, CP = +1 : h,H
1 neutral boson, CP = −1 : A
2 charged bosons : H+,H−
3 unphysical Goldstone bosons : G,G+, G−. (2.24)
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At tree level the mass matrix of the neutral CP-even Higgs bosons is given in the
φ1-φ2-basis in terms of MZ , MA, and tan β by
M2Higgs =
(
m2φ1 m
2
φ1φ2
m2φ1φ2 m
2
φ2
)
=
(
M2A sin
2 β +M2Z cos
2 β −(M2A +M2Z) sin β cos β
−(M2A +M2Z) sin β cos β M2A cos2 β +M2Z sin2 β
)
, (2.25)
which by diagonalization according to (2.20) yields the tree-level Higgs boson masses
m2H,h =
1
2
[
M2A +M
2
Z ±
√
(M2A +M
2
Z)
2 − 4M2ZM2A cos2 2β
]
. (2.26)
The charged Higgs boson mass is given by
m2H± =M
2
A +M
2
W . (2.27)
The masses of the gauge bosons are given in analogy to the SM:
M2W =
1
2
g2(v21 + v
2
2) ; M
2
Z =
1
2
(g2 + g′2)(v21 + v
2
2) ; Mγ = 0 . (2.28)
2.3 The interaction Lagrangian
Finally the interaction Lagrangian that is relevant for the present work, expressed in the
(νL, νR), (ν˜L, ν˜R) electroweak interaction basis, is given by:
Lint = Lν H + Lν Z + Lν˜ H + Lν˜ Z . (2.29)
Here Lν H and Lν˜ H contain the interactions of the neutrinos and sneutrinos with the Higgs
bosons respectively; and Lν Z and Lν˜ Z those of the neutrinos and sneutrinos with the
Z boson respectively.
For the various terms in (2.29) we find the following expressions:
Lν H = − gmD
2MW sin β
(
(νLνR + νRνL)(H sinα+ h cosα)− i(νLνR − νRνL)A cos β
)
, (2.30)
Lν Z = g
2 cos θW
[(νLγ
µνL)Zµ] , (2.31)
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Lν˜ H = − gmD
2MW sin β
µ [(ν˜∗Lν˜R + ν˜Lν˜
∗
R)(−H cosα+ h sinα)]
− gm
2
D
MW sin β
[(ν˜∗Rν˜R + ν˜
∗
Lν˜L)(H sinα+ h cosα)]
+
igmD
2MW
µ [(ν˜∗Lν˜R − ν˜Lν˜∗R)A]
− gMZ
2cosθW
[(ν˜∗Lν˜L)(H cos(α+ β)− h sin(α+ β))]
− gmD
2MW sin β
Aν [(ν˜
∗
Lν˜R + ν˜Lν˜
∗
R)(H sinα+ h cosα)]
+
igmD
2MW sin β
Aν [(ν˜
∗
Lν˜R − ν˜Lν˜∗R)A cos β]
− gmDmM
2MW sin β
[(ν˜Lν˜R + ν˜
∗
Lν˜
∗
R)(H sinα+ h cosα)]
− i gmDmM
2MW sinβ
[(ν˜Lν˜R − ν˜∗Lν˜∗R)A cos β]
− g
2m2D
4M2W sin
2 β
[
(ν˜∗Lν˜L)(H
2 sin2 α+ h2 cos2 α+A2 cos2 β + hH sin 2α)
]
− g
2
8 cos2 θW
[
(ν˜∗Lν˜L)(H
2 cos 2α− h2 cos 2α−A2 cos 2β − 2hH sin 2α)]
− g
2m2D
4M2W sin
2 β
[
(ν˜∗Rν˜R)(H
2 sin2 α+ h2 cos2 α+A2 cos2 β + hH sin 2α)
]
, (2.32)
Lν˜ Z = − ig
2 cos θW
[
(ν˜∗L
←→
∂ µν˜L)Zµ
]
+
g2
4 cos2 θW
[(ν˜∗Lν˜L)(ZµZ
µ)] . (2.33)
The corresponding Feynman rules, expressed in the mass eigenstate basis, are collected in
the appendix A. Notice that this complete set of Feynman rules is, to our knowledge, not
available in the literature so far.
Some comments are in order. In the previous interaction Lagrangian, and consequently
in the Feynman rules, there are terms already present in the MSSM. These are the pure
gauge interactions between the left-handed neutrinos and the Z boson, given in (2.31),
those between the ‘left-handed’ sneutrinos and the Higgs bosons, given in (2.32), and those
between the ‘left-handed’ sneutrinos and the Z bosons, given in (2.33). In addition, in this
MSSM-seesaw scenario, there are interactions driven by the neutrino Yukawa couplings
(or equivalently mD since Yν = (gmD)/(
√
2MW sin β)), and new interactions due to the
Majorana nature driven by mM . These genuine Majorana terms are those in the seventh
and eight lines of (2.32) and are not present in the case of Dirac fermions.
2.4 Parameters and limits
Regarding the size of the new parameters that have been introduced in this model, in
addition to those of the MSSM, i.e., mM , mD, mR˜, Aν and Bν , there are no significant
constraints. In the literature it is often assumed that mM has a very large value, mM ∼
O(1014−15)GeV, in order to get small physical neutrino masses |mν | ∼ 0.1 − 1 eV with
large Yukawa couplings Yν ∼ O(1). This is an interesting possibility since it can lead to
important phenomenological implications due to the large size of the radiative corrections
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driven by these large Yukawa couplings. In this paper we will explore, however, not only
these extreme values but the full range for mM from the electroweak scale ∼ 102GeV up
to ∼ 1015GeV.
On the other hand, the new soft SUSY-breaking parameters introduced in the sneutrino
sector could be unrelated to those of the MSSM, or could be related, for instance, in the case
one imposes (by hand) some kind of universality conditions. Whereas the non-singlet soft
mass parameter mL˜, being common to the charged ‘left handed’ slepton, is constrained by
the solution to the hierarchy problem to lie below a few TeV, the singlet soft massmR˜ is not,
because it is not connected to the electroweak symmetry breaking at tree level. The other
sneutrino soft mass parameters, Bν and Aν are not connected either. However, they can
generate a mass-splitting between sneutrinos and antisneutrinos which in turn and via loop
corrections can generate neutrino mass splittings [26] that are experimentally constrained.
Then, if mSUSY represents a generic low SUSY breaking scale, with mSUSY <∼ O(103)GeV
one expects that |Aν |, |Bν | <∼ mSUSY [28]. According to these constraints, we will explore
in this work values of these soft parameters ranging from the electroweak scale up to a few
TeV. Besides, and due to the peculiarity of the behavior with mR˜ and Bν , as will be shown
later, we will explore in addition the less conservative but interesting possibility where mR˜
or Bν are close to mM .
For illustrative purposes and a clear understanding of our full one-loop results, three
interesting limiting cases will also be considered in this work.
(1) The seesaw limit:
This assumes a large separation between the two neutrino mass scales involved, the
Majorana mass and the Dirac mass,mM ≫ mD. Notice that both masses are different
from zero, mM 6= 0 and mD 6= 0, in this seesaw limit and, as we have said above,
Yν can be large. The predictions are then given in power series of a dimensionless
parameter defined as,
ξ ≡ mD
mM
≪ 1 . (2.34)
The light and heavy neutrino masses are given in this limit by:
mν = −mDξ +O(mDξ3) ≃ −m
2
D
mM
, (2.35)
mN = mM +O(mDξ) ≃ mM .
Furthermore, the mixing angle θ is small in this limit and, therefore, ν is made
predominantly of νL and its c-conjugate, (νL)
c, whereas N is made predominantly of
νR and its c-conjugate, (νR)
c.
In the sneutrino sector several mass scales are involved. Consequently, one has to
set as an extra input their relative size to mM . The simplest assumption is to set
the value of mM to be much larger than all the other mass scales involved, i.e.,
mM ≫ mD,MZ , µ,mL˜,mR˜, Bν , Aν . In this limit the sneutrino masses are given by:
m2ν˜+,ν˜− = m
2
L˜
+
1
2
M2Z cos 2β ∓ 2mD(Aν − µ cot β −Bν)ξ ,
m2
N˜+,N˜−
= m2M ± 2BνmM +m2R˜ + 2m2D . (2.36)
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The mixing angles θ± are small in this limit and, therefore, ν˜+ and ν˜− are made
predominantly of ν˜L and its c-conjugate, ν˜
∗
L, whereas N˜+ and N˜− are made predom-
inantly of ν˜R and its c-conjugate, ν˜
∗
R.
(2) The Dirac limit:
In this limit one sets mM = 0 (and mD 6= 0) and one recovers the neutrinos as
any other fermion of the MSSM, i.e., as Dirac fermions. In the basis that we have
used in (2.5) this is manifested by the fact that when mM = 0, the two Majorana
neutrinos ν and N are degenerate with mν = −mD and mN = +mD, and they
combine maximally, i.e. with θ = π/4, to form a four component Dirac neutrino with
mass mD. On the other hand, the sneutrino sector in this Dirac limit simplifies as
well. When mM = 0, the real scalar fields get degenerate in pairs,
m2ν˜+ = m
2
ν˜− =
1
2
(
m2
L˜
+m2
R˜
+ 2m2D +
1
2
M2Z cos 2β
)
(2.37)
− 1
2
√
4m2D(Aν − µ cot β)2 +
(
m2
R˜
−m2
L˜
− 1
2
M2Z cos 2β
)2
,
m2
N˜+
= m2
N˜−
=
1
2
(
m2
L˜
+m2
R˜
+ 2m2D +
1
2
M2Z cos 2β
)
(2.38)
+
1
2
√
4m2D(Aν − µ cot β)2 +
(
m2
R˜
−m2
L˜
− 1
2
M2Z cos 2β
)2
,
and they combine to form two complex scalar fields,
ν˜1 =
1√
2
(ν˜+ + iν˜−) = cos θ˜ ν˜L − sin θ˜ ν˜R , (2.39)
ν˜2 =
1√
2
(N˜+ + iN˜−) = sin θ˜ ν˜L + cos θ˜ ν˜R (2.40)
with mν˜1 = mν˜± , mν˜2 = mN˜± , θ˜ = θ+ = θ−, and
sin 2θ˜ =
2mD(Aν − µ cot β)√
4m2D(Aν − µ cot β)2 +
(
m2
R˜
−m2
L˜
− 12M2Z cos 2β
)2 . (2.41)
Notice that these two sneutrino states, ν˜1,2, are equivalent to the usual sfermion mass
eigenstates within the MSSM.
In this Dirac limit it is interesting to study the similarities in the analytical behavior of
the neutrino/sneutrino radiative corrections and the other MSSM fermion/sfermion
radiative corrections. In particular we are interested in the comparison with the
top/stop radiative corrections. As for the phenomenological implications, this limit
is not expected to lead to relevant numerical results, since to get compatibility with
the experimentally tested small neutrino masses, |mν | ∼ 0.1−1 eV one needs Yukawa
couplings extremely small, Yν ∼ 10−12 − 10−13.
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(3) The MSSM limit:
This limit is reached when one sets mD = 0 (the value of mM is not relevant since
once the Yukawa couplings are set to zero the predictions are absolutely independent
of this mass scale) and one is left with a neutrino/sneutrino sector with just pure
gauge couplings. Concretely, there are just interactions of the left-handed neutrinos
and the ‘left-handed’ sneutrinos to the Z boson, exactly as in the MSSM. We are
interested in this limit, because we want to compare the radiative corrections from
the neutrino/sneutrino sector within the MSSM-seesaw with those within the MSSM
and to find the interesting regions in the new parameters of the MSSM-seesaw where
the deviation from the MSSM result could be sizeable.
3 Higher-order corrections to mh
3.1 The concept of higher order corrections in the Feynman-diagrammatic
approach
In the Feynman diagrammatic (FD) approach the higher-order corrected CP-even Higgs
boson masses in the MSSM, denoted here as Mh andMH (the corresponding masses in the
MSSM-seesaw model are denoted as M
ν/ν˜
h and M
ν/ν˜
H ), are derived by finding the poles of
the (h,H)-propagator matrix. The inverse of this matrix is given by
(∆Higgs)
−1 = −i
(
p2 −m2H + ΣˆHH(p2) ΣˆhH(p2)
ΣˆhH(p
2) p2 −m2h + Σˆhh(p2)
)
. (3.1)
Determining the poles of the matrix ∆Higgs in (3.1) is equivalent to solving the equation[
p2 −m2h + Σˆhh(p2)
][
p2 −m2H + ΣˆHH(p2)
]
−
[
ΣˆhH(p
2)
]2
= 0 . (3.2)
In perturbation theory, a (renormalized) self-energy is expanded as follows
Σˆ(p2) = Σˆ(1)(p2) + Σˆ(2)(p2) + . . . ,
Σ(p2) = Σ(1)(p2) + Σ(2)(p2) + . . . , (3.3)
in terms of the ith-order contributions Σˆ(i),Σ(i). In the following sections we concentrate
on the one-loop corrections and drop the order index, i.e. Σˆ ≡ Σˆ(1) in the following.
3.2 One-loop renormalization
In order to calculate one-loop corrections to the Higgs boson masses, the renormalized
Higgs boson self-energies are needed. Here we follow the procedure used in [31–33, 58]
(and references therein) and review it for completeness. The parameters appearing in the
Higgs potential, (2.18), are renormalized as follows:
M2Z →M2Z + δM2Z , Th → Th + δTh , (3.4)
M2W →M2W + δM2W , TH → TH + δTH ,
M2Higgs →M2Higgs + δM2Higgs , tan β → tan β (1 + δtanβ ) .
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M2Higgs denotes the tree-level Higgs boson mass matrix given in (2.25). Th and TH are the
tree-level tadpoles, i.e. the terms linear in h and H in the Higgs potential.
The field renormalization matrices of both Higgs multiplets can be set up symmetri-
cally, (
h
H
)
→
(
1 + 12δZhh
1
2δZhH
1
2δZhH 1 +
1
2δZHH
)
·
(
h
H
)
. (3.5)
For the mass counter term matrices we use the definitions
δM2Higgs =
(
δm2h δm
2
hH
δm2hH δm
2
H
)
. (3.6)
The renormalized self-energies, Σˆ(p2), can now be expressed through the unrenormalized
self-energies, Σ(p2), the field renormalization constants and the mass counter terms. This
reads for the CP-even part,
Σˆhh(p
2) = Σhh(p
2) + δZhh(p
2 −m2h)− δm2h , (3.7a)
ΣˆhH(p
2) = ΣhH(p
2) + δZhH
(
p2 − 1
2
(m2h +m
2
H)
)
− δm2hH , (3.7b)
ΣˆHH(p
2) = ΣHH(p
2) + δZHH(p
2 −m2H)− δm2H . (3.7c)
Inserting the renormalization transformation into the Higgs mass terms leads to ex-
pressions for their counter terms which consequently depend on the other counter terms
introduced in (3.4).
For the CP-even part of the Higgs sectors, these counter terms are:
δm2h = δM
2
A cos
2(α− β) + δM2Z sin2(α+ β) (3.8a)
+
e
2MZswcw
(
δTH cos(α− β) sin2(α− β) + δTh sin(α− β)(1 + cos2(α− β))
)
+ δtanβ sin β cos β (M2A sin 2(α − β) +M2Z sin 2(α + β)) ,
δm2hH =
1
2
(δM2A sin 2(α − β)− δM2Z sin 2(α + β)) (3.8b)
+
e
2MZswcw
(δTH sin
3(α− β)− δTh cos3(α− β))
− δtanβ sin β cos β (M2A cos 2(α − β) +M2Z cos 2(α + β)) ,
δm2H = δM
2
A sin
2(α− β) + δM2Z cos2(α+ β) (3.8c)
− e
2MZswcw
(δTH cos(α− β)(1 + sin2(α− β)) + δTh sin(α− β) cos2(α− β))
− δtanβ sin β cos β (M2A sin 2(α − β) +M2Z sin 2(α + β)) .
For the field renormalization we choose to give each Higgs doublet one renormalization
constant,
H1 →
(
1 +
1
2
δZH1
)
H1 , H2 →
(
1 +
1
2
δZH2
)
H2 . (3.9)
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This leads to the following expressions for the various field renormalization constants
in (3.5):
δZhh = sin
2α δZH1 + cos
2α δZH2 , (3.10a)
δZhH = sinα cosα (δZH2 − δZH1) , (3.10b)
δZHH = cos
2α δZH1 + sin
2α δZH2 . (3.10c)
The counter term for tanβ can be expressed in terms of the vacuum expectation values as
δ tan β =
1
2
(δZH2 − δZH1) +
δv2
v2
− δv1
v1
, (3.11)
where the δvi are the renormalization constants of the vi:
v1 → (1 + δZH1) (v1 + δv1) , v2 → (1 + δZH2) (v2 + δv2) . (3.12)
It can be shown that the divergent parts of δv1/v1 and δv2/v2 are equal [31–33]. Conse-
quently, one can set δv2/v2 − δv1/v1 to zero.
The renormalization conditions are fixed by an appropriate renormalization scheme.
For the mass counter terms on-shell conditions are used, leading to:
δM2Z = ReΣZZ(M
2
Z) , δM
2
W = ReΣWW (M
2
W ) , δM
2
A = ReΣAA(M
2
A) . (3.13)
Here ΣZZ,WW denotes the transverse part of the self-energies. Since the tadpole coefficients
are chosen to vanish in all orders, their counter terms follow from T{h,H} + δT{h,H} = 0:
δTh = −Th , δTH = −TH . (3.14)
For the remaining renormalization constants for δ tan β, δZH1 and δZH2 various renormal-
ization schemes are possible [56–58].
On-shell renormalization
One possible choice is an on-shell (OS) renormalization. The renormalization conditions
for the renormalized Higgs-boson self-energies are
Σˆ′hh(m
2
h) = 0 , (3.15)
Σˆ′HH(m
2
H) = 0 . (3.16)
This yields
δZOShh = −ReΣ′hh(m2h) , (3.17)
δZOSHH = −ReΣ′HH(m2H) , (3.18)
equivalently to
δZOSH1 =
1
cos 2α
(
sin2α ReΣ′hh(m
2
h)− cos2α ReΣ′HH(m2H)
)
, (3.19)
δZOSH2 =
1
cos 2α
(− cos2α ReΣ′hh(m2h) + sin2α ReΣ′HH(m2H)) . (3.20)
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For δ tan βOS a convenient choice is
δ tan βOS =
1
2
(
δZOSH2 − δZOSH1
)
=
−1
2 cos 2α
(
ReΣ′hh(m
2
h)− ReΣ′HH(m2H)
)
. (3.21)
It should be kept in mind that this scheme can lead to large corrections to mh in the
MSSM [56, 59], hence worsening the convergence of the perturbative expansion. Further-
more, it is known to provide gauge dependent corrections at the one-loop level [57].
DR renormalization
A convenient choice which avoids the previously commented large corrections to mh in the
MSSM and is (linear) gauge independent at the one-loop level is a DR renormalization of
δ tan β, δZH1 and δZH2 ,
δZDRH1 = −
[
ReΣ′HH |α=0
]div
, (3.22a)
δZDRH2 = −
[
ReΣ′hh |α=0
]div
, (3.22b)
δtanβ DR =
1
2
(
δZDRH2 − δZDRH1
)
. (3.22c)
The [ ]div terms are the ones proportional to ∆ = 2/ε − γE + log(4π), when using dimen-
sional regularization/reduction in d = 4 − ε dimensions; γE is the Euler constant. The
corresponding renormalization scale, µDR, has to be fixed to a certain mass scale that will
be discussed below.
Modified DR renormalization (mDR)
The µDR dependence introduced in the DR scheme can lead in the present context to
large logarithmic corrections ∝ log(m2M/µ2DR) for large values of the Majorana mass mM
(as will be discussed below). These large corrections could again worsen the conver-
gence of the perturbative expansion. One possible way out is to replace [ ]div by [ ]mdiv,
where the latter means to select not only the terms ∝ ∆ as in (3.22), but the terms
∝ ∆m ≡ ∆ − log(m2M/µ2DR). This prescription for the counterterms defines the modified
DR renormalization scheme, which will be named in this work in short as mDR,
δZmDRH1 = −
[
ReΣ′HH |α=0
]mdiv
, (3.23a)
δZmDRH2 = −
[
ReΣ′hh |α=0
]mdiv
, (3.23b)
δtanβ mDR =
1
2
(
δZmDRH2 − δZmDRH1
)
. (3.23c)
As will be shown below, effectively this corresponds to the particular choice of µDR = mM .
In this way the potentially large logarithms vanish, what makes it a convenient choice.
Usually this choice is referred to in the literature as ‘decoupling the large mass scale by
hand’ (see e.g. [60, 61] and references therein).
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Figure 1. Generic one-loop Feynman-diagrams contributing to the neutral Higgs bosons renormal-
ized self-energies (see text).
It should be kept in mind that in the mDR scheme the parameter tan β = tanβmDR
has a different meaning than the “conventional” parameter tan β = tan βDR. However, we
have checked that this shift is numerically insignificant.
4 Results
In this section we first present the results of the one-loop corrections from neu-
trino/sneutrino contributions to the neutral Higgs boson renormalized self-energies within
the MSSM-seesaw and then we discuss the derived results for the Higgs mass corrections.
4.1 One-loop calculation of the renormalized self-energies
The full one-loop neutrino/sneutrino corrections to the self-energies, Σˆ
ν/ν˜
hh , Σˆ
ν/ν˜
HH and Σˆ
ν/ν˜
hH ,
entering (3.2) have been evaluated with the help of FeynArts [62–64]1 and FormCalc [65].
For shortness, in this and the next subsection these self-energies will be named simply
as Σˆhh, ΣˆHH , and ΣˆhH , respectively. The new Feynman rules for the neutrino/sneutrino
sector, derived in this work and collected in the appendix A, have been inserted into a new
model file.2 As regularization scheme we have used dimensional reduction [66, 67], thus
preserving SUSY [68, 69].
The generic one-loop Feynman-diagrams contributing to the renormalized self-energies
are depicted in figure 1. They include the two-point and one-point diagrams in the Higgs
1The program and the user’s guide are available via www.feynarts.de.
2This model file is available upon request.
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self-energies, tadpole diagrams, and the two-point and one-point diagrams in the Z boson
self-energy. Here the notation is: φ refers generically to all neutral Higgs bosons, h,H,A;
F refers to all neutrinos ni (i = 1, 2); S refers to all sneutrinos n˜i (i = 1, . . . 4), and Z
refers to the Z boson.
The analytical results for the unrenormalized self-energies and tadpoles are collected
in the appendix B. The final analytical results for the renormalized self-energies are easily
obtained by inserting these results into (3.7).
We have checked that all the divergences involved in the computation cancel and the
renormalized self-energies, Σˆhh(p
2), ΣˆHH(p
2) and ΣˆhH(p
2) in the three schemes OS, DR,
and mDR are all finite, as expected. We have also checked that the renormalized self-
energies in the OS scheme, are independent of the regularization scale µDR, as they must
be. The renormalized self-energies in the DR are µDR dependent whereas the ones in
the mDR scheme are µDR independent by construction. Analytically they are related by
ΣˆmDR(p2) = ΣˆDR(p2)|µ
DR
=mM .
4.2 Analysis of the renormalized self-energies
In the following we discuss the numerical results for the renormalized self-energies. They
are collected in figures 2 through 10. First we compare the predictions of the one-loop renor-
malized self-energies in the three schemes for the full interval 103GeV <∼ mM <∼ 1015GeV,
and next we analyze these exact results at large mM with the help of the simple analytical
formulas that are obtained in the seesaw limit. Then we choose the mDR scheme and show
the exact numerical results of the renormalized self-energies as functions of all the neu-
trino/sneutrino parameters involved. Finally we conclude on the subset of most relevant
parameters (specifically, mM , mR˜, Bν and mν) which will be the selected ones to study
the corrections to Mh in the next subsection. For the final estimate of these corrections,
and to localize the regions of the parameter space where they can reach sizeable values,
we will vary these relevant parameters within some selected plausible intervals. For the
parameters which do not exhibit a relevant numerical effect onMh (specifically, tan β, MA,
µ, mL˜ and Aν) we choose representative values. For completeness, we will also comment
shortly at the end of this subsection on the Dirac case.
In order to compare systematically our predictions of the neutrino/sneutrino sec-
tor in the MSSM-seesaw with those in the MSSM, we have split the full one-loop neu-
trino/sneutrino result into two parts:
Σˆ(p2)|full = Σˆ(p2)|gauge + Σˆ(p2)|Yukawa , (4.1)
where Σˆ(p2)|gauge means the contributions from pure gauge interactions and they are ob-
tained by switching off the Yukawa interactions, i.e. by setting Yν = 0 (or equivalently
mD = 0). The remaining part is named here Σˆ(p
2)|Yukawa and refers to the contributions
that are only present if Yν 6= 0. In other words, this separation splits the full result into
the common part with the MSSM, given by Σˆ(p2)|gauge, and the new contributions due
to the presence of Majorana neutrinos with non vanishing Yukawa interactions, given by
Σˆ(p2)|Yukawa. Thus, by comparing the size of these two parts, within the allowed param-
eter space region, we will localize the areas where Σˆ(p2)|Yukawa ≫ Σˆ(p2)|gauge, which will
therefore indicate a significant departure from the MSSM result.
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Figure 2. Renormalized Higgs boson self-energies as a function of mM and comparison between
the three considered schemes. Upper left panel: ΣˆDRhh (p
2). Upper right panel: ΣˆOShh (p
2). Lower left
panel: ΣˆmDRhh (p
2). Lower right panel: ΣˆmDRhh (p
2), ΣˆmDRHH (p
2) and ΣˆmDRhH (p
2). All self-energies are
evaluated at p2 = (116GeV)2.
Dependence on mM
We show in figure 2 the predictions for Σˆhh(p
2) as a function of mM in the three schemes:
DR (upper left plot), OS (upper right plot), and mDR (lower left plot). In these plots we
have considered an extremely wide range for the mM values, from 10
3GeV up to 1015GeV,
and fixed the physical light neutrino mass to |mν | = 0.5 eV. Consequently, mD is derived
from mM and mν by using (2.11) and (2.12). The other parameters are fixed as indicated
in the figure. In this and in the following figures we have fixed p2 in the self-energies to
a particular value, corresponding to an approximation of the higher-order corrected value
of Mh for the input MSSM parameters set in each figure, see below. The numerical values
used here and in the following for the SUSY parameters are representative values (as will
also be shown below). Therefore, despite choosing only a few values for the parameters,
the results obtained can be considered as more general.
In the three mentioned plots in figure 2 one can see that the numerical value of the
full result is nearly constant with mM in the three schemes from mM = 10
3GeV up to
mM ∼ 1012GeV. Furthermore, this constant value is approximately the same in the three
schemes (the differences are below ∼ 10−2 GeV2), and is totally dominated by the ‘pure
gauge contributions’. Thus, for 103GeV <∼ mM <∼ 1012GeV the result in the MSSM-seesaw
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nearly coincides with the result in the MSSM, irrespectively of the scheme. For the choice
of input parameters in this plot, we get Σˆhh|full ≃ Σˆhh|gauge ≃ −23.67GeV2.
For larger values of mM in the range 10
12GeV < mM < 10
15GeV, there are, however,
remarkable differences between the three considered schemes, and the main differences
come clearly from the ‘Yukawa contributions’. Whereas ΣˆOShh |full is apparently constant
with mM , also for mM > 10
12GeV, |ΣˆDRhh |full| and |ΣˆmDRhh |full| grow noticeably with mM at
these large mM values. The numerical value of Σˆ
DR
hh |full is negative for mM > 1012GeV and
gets large values in this range, where they are totally dominated by the ‘Yukawa contri-
butions’. For instance, for mM = 10
13GeV, we get ΣˆDRhh |full ≃ ΣˆDRhh |Yukawa ≃ −250GeV2,
and for mM = 10
14GeV, we get ΣˆDRhh |full ≃ ΣˆDRhh |Yukawa ≃ −3000GeV2. In the mDR
scheme, the result is negative up to 5× 1013GeV and then becomes positive and large for
mM > 5 × 1013GeV. Notice that, the absolute value in the mDR scheme at large mM is
always smaller than in the DR scheme, due to the commented cancellation of the large log-
arithms log(mM/µDR) corresponding to the choice µDR = mM . Notice also that, in spite
of this cancellation, the size of the corrections in mDR, are still large for large enough mM
values. For instance, for mM = 10
15GeV, we get dominance of the ‘Yukawa contributions’
ΣˆmDRhh |full ≃ ΣˆmDRhh |Yukawa ≃ 500GeV2. In contrast, for mM = 1014GeV, the ‘Yukawa
contributions’ and the ‘pure gauge contributions’, compete since ΣˆmDRhh |Yukawa ≃ 60GeV2
and ΣˆmDRhh |gauge ≃ −24GeV2 leading to ΣˆmDRhh |full ≃ 36GeV2.
In the lower right plot of figure 2 we compare ΣˆmDRhh |full to the other two renormalized
self-energies, ΣˆmDRHH |full and ΣˆmDRhH |full. One can observe that the three self-energies behave
qualitatively very similarly with mM , being approximately constant for mM < 10
12GeV
and growing (in modulus) with mM for 10
12GeV < mM < 10
15GeV. For the choice of
parameters in this plot, |ΣˆmDRhh |full| is larger than the others in the full explored mM range.
This will be relevant for the forthcoming estimate of the one-loop radiative corrections
to Mh.
The previously commented growing behavior of the renormalized self-energies withmM
is a consequence of the corresponding growing behavior of the neutrino Yukawa interactions
with mM , see (2.11) and (2.12). This is a well known feature of the seesaw models that, in
order to get the light neutrino masses mν in agreement with data, one must impose for each
input mM value the proper Yν (and therefore mD) to precisely match the experimentally
inspired input mν . Yν is therefore not an input but an output in this approach, and
according to (2.11) and (2.12) Yν grows with mM as Yν ∝ √mM . The behavior of the
renormalized self-energies with mM is, consequently, the result of the two competing facts,
the increase of Yν with mM and the decreasing with mM from the neutrino and sneutrino
propagators in the loops.
Dependence on mM in the seesaw limit
In order to illustrate more clearly the behavior with mM , we have analyzed in more detail
the renormalized self-energies in the seesaw limit, as defined in section 2. As the increase
with mM starts at very largemM > 10
12GeV values (i.e. much larger than the other scales,
mM ≫ mD,MZ ,MA, µ,mL˜,mR˜, Bν , Aν), one expects that this limit should approximate
pretty well the full result and show its same main features.
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For the computation of the renormalized self-energies in this seesaw limit, we have
performed a systematic expansion of the exact result in powers of the seesaw parameter
ξ = mD/mM . In order to reduce the number of parameters, and for a clearer interpretation
of the results, we have set in this expansion, Aν = µ = Bν = 0 (which is justified, see below)
and we have assumed universal soft SUSY breaking masses, i.e., mL˜ = mR˜ = mSUSY.
The analytical expressions for these expanded renormalized self-energies are of the
generic form:
Σˆ(p2) =
(
Σˆ(p2)
)
m0
D
+
(
Σˆ(p2)
)
m2
D
+
(
Σˆ(p2)
)
m4
D
+ . . . , (4.2)
where,
(
Σˆ(p2)
)
m0
D
is the first term in the expansion, i.e. O(ξ0), (Σˆ(p2))
m2
D
is the next
term, i.e. O(ξ2), (Σˆ(p2))
m4
D
is the term of O(ξ4), etc. It should be noticed that there are
no terms with odd powers of ξ. The first term in this expansion is precisely the pure gauge
contribution,
(
Σˆ(p2)
)
m0
D
= Σˆ(p2)|gauge. Therefore, it approximates the result in the MSSM
and the rest approximates the Yukawa part,(
Σˆ(p2)
)
MSSM
≃
(
Σˆ(p2)
)
m0
D
,(
Σˆ(p2)
)
Yukawa
≃
(
Σˆ(p2)
)
m2
D
+
(
Σˆ(p2)
)
m4
D
+ . . . . (4.3)
In order to get simple formulas, we have expanded in addition each term in the series in (4.2)
in powers of the other small dimensionless parameters, namely, MZ/mM , MA/mM , p/mM
and mSUSY/mM .
The result of the previous seesaw expansion (we just show the leading terms; terms
suppressed by factors 1/m2M respect to these leading ones are not relevant and, therefore,
are not included) for each of the three considered renormalization schemes is as follows.
O(m0
D
)
(
ΣˆDRhh (p
2)
)
m0
D
=
g2M2Z sin
2(α+ β)
1152c2wm
2
SUSYπ
2
[
− 20m2SUSY + 3p2 + 12m2SUSY log
M2Z
m2SUSY
]
(4.4a)(
ΣˆmDRhh (p
2)
)
m0
D
=
(
ΣˆDRhh (p
2)
)
m0
D
(4.4b)
(
ΣˆOShh (p
2)
)
m0
D
=
(
ΣˆDRhh (p
2)
)
m0
D
+
g2M2Z
3072c2wm
2
SUSYπ
2
[
4
(
p2 −m2h
)
(cos 2α cos 2β − 1)
+ sec 2α sin 2β
(
M2A (sin 4β − sin 4α)−M2Z sin 4(α+ β)
)]
(4.4c)
O(m2
D
)
(
ΣˆDRhh (p
2)
)
m2
D
=
g2m2D
64π2M2W sin
2 β
[
1− log m
2
M
µ2
DR
][
− 2M2A cos2(α− β) cos2 β
+ 2p2 cos2 α−M2Z sin β sin(α+ β)
(
2(1 + cos2 β) cosα− sin 2β sinα)]
(4.5a)
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(
ΣˆmDRhh (p
2)
)
m2
D
=
(
ΣˆDRhh (p
2)
)
m2
D
∣∣∣µDR=mM (4.5b)(
ΣˆOShh (p
2)
)
m2
D
=
gm2D
768π2M2W p
2m2M
[
12m2SUSY
[
M2Ap
2
(
2 cos2(α−β) cot2 β
− cot β sin 2(α−β)) − 2m2hp2 cos2 α csc2 β − 4M2Zp2 cosα csc β sin(α+β)
+ 4M4Z sin
2(α+β) + 2M2Zp
2 sin2(α+β)−M2Zp2 cot β sin 2(α+β)
− 4M2Zp2 sin2(α+β) log
M2Z
m2M
+ 4M4Z sin
2(α+β) log
p2
m2M
− log m
2
SUSY
m2M
[
2m2hp
2 cos2 α csc2 β + 4M4Z sin
2(α+β)
−M2Zp2
(
2 sin2(α+β) − cot β sin 2(α+β) + 4 cosα csc β sin(α+β))
+M2Ap
2
(
cot β sin 2(α−β) − 2 cot2 β cos2(α−β))]]
+ p2
[
8M4A cos
2(α−β) cot2β+8cos2α(3M2Z(m2h−p2)+p2csc2β(3m2h−p2))
+ 24M2Zp
2 cosα csc β sin(α+β) + 12M2AM
2
Z cos
2 β cos 2β sec 2α
+ 12M4Z sin
2(α+β)
(
− 1 + 2 log M
2
Z
p2
)
+ 3cot β
[
− 2M2AM2Z sin 2α
+ 2 sec 2α
[−M2A sin 2(α−β)( −M2A + 2m2h −M2Z +M2A cos 2α)
+M2Z sin 2(α+β)
(
M2A − 2m2h +M2Z −M2A cos 2α−M2Z cos 2(α+β)
)]]]]
(4.5c)
O(m4
D
)
(
ΣˆDRhh (p
2)
)
m4
D
=
g2m4D
128π2M2Wm
2
Mp
4
[
4M2Zp
2
(
p2 −M2Z
)
log
m2SUSY
m2M
sin2(α+ β)
+ 8M2Ap
4 cos2(α− β) cot2 β log M
2
A
m2M
+ 4
(
2m2SUSY − 3M2Z
)
p4 sin2(α+ β) log
M2Z
m2M
+ 8p4 csc2 β
[
M2A cos
2 β cos2(α − β)− p2 cos2 α]
+ 8M2Z sin(α+ β)p
4
[
2 cosα csc β − sin(α+ β)]
+ 4m2SUSY log
m2SUSY
m2M
[
p4
(− 1 + cos 2(α + β)− 4 cos2 α csc2 β)
+ 8M2Zp
2 cosα csc β sin(α+ β)− 2M4Z sin2(α+ β)
]
− 4 log p
2
m2M
[
2p6cos2α csc2β+4M2Zp
2
(
2m2SUSY−p2
)
cosα csc β sin(α+β)
−M4Z sin2(α+ β)
(
2m2SUSY + p
2
)]− 8m2SUSY[2p4 cos2 α csc2 β
+ 4M2Zp
2 cosα csc β sin(α+ β) + sin2(α+ β)
(
M4Z − p4
)]]
(4.6a)
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(
ΣˆmDRhh (p
2)
)
m4
D
=
(
ΣˆDRhh (p
2)
)
m4
D
(4.6b)
(
ΣˆOShh (p
2)
)
m4
D
=
(
ΣˆDRhh (p
2)
)
m4
D
+
g2m4D
32π2M2Wm
2
M
[
cot β sec 2α sin2 α
[
M2A sin 2(α−β)
+M2Z sin 2(α+β)
][
2+log
m2H
m2M
]
− cos2 α
[
2+log
m2h
m2M
][
2
(
m2h−p2
)
csc2 β
+ cot β sec 2α
[
M2A sin 2(α−β) +M2Z sin 2(α+β)
]]]
(4.6c)
From these formulas the qualitatively different behavior of the renormalized Higgs-
boson self-energies on the Majorana mass scalemM can be understood. The main difference
between the OS scheme and the DR/mDR schemes appears in the Yukawa part, especially
in the term of O(m2D). At the various orders the comparison of the three schemes is given
as follows.
At the leading order in the seesaw expansion, O(m0D) in (4.4), the results in the DR
and mDR schemes coincide. This is indeed a consequence of the fact that, at this order,
ΣˆDRhh (p
2) turns out to be µDR independent. The result in the OS scheme differs from these
later by a term of order g2M2ZM
2
EW/m
2
SUSY, where M
2
EW refers generically to the involved
masses of the order of the electroweak scale, i.e., M2A, p
2, M2Z , m
2
h tree. Furthermore, this
difference turns out to be numerically extremely small. This explains why, for low values
of the Majorana scale, where the O(m0D) term of the expansion dominates, the predictions
from the three schemes are nearly indistinguishable.
At the next order in the seesaw expansion, O(m2D) in (4.5), the OS result differs
substantially from the DR and mDR schemes. First, the OS result is extremely suppressed
with respect to the DR and mDR results at large mM . This is due to the fact that the
leading contribution, i.e. of the order of g2m2DM
2
EW/M
2
Z , vanishes in the OS whereas it is
present in the other schemes. As can be seen in (4.5), the first non vanishing contribution
contains an extra factor ∼ m2SUSY/m2M which can be extremely small for mM ≫ mSUSY.
This remarkable difference of the OS result has its origin in the different values of the
δZhh and δ tan β counterterms. More specifically, by computing their finite parts in the
OS scheme and in the seesaw limit, we get
δOSZhh|finite = −
g2m2D cos
2α
32c2wM
2
Zπ
2 sin2 β
[
1− log m
2
M
µ2
DR
]
+O
(
M2EW,m
2
SUSY
m2M
)
, (4.7)
δOS tan β|finite = −
g2m2D
64c2wM
2
Zπ
2 sin2 β
[
1− log m
2
M
µ2
DR
]
+O
(
M2EW,m
2
SUSY
m2M
)
. (4.8)
These finite contributions lead to the cancellation of the above commented leading contri-
butions.
In the DR scheme, we get an explicit logarithmic dependence on mM , concretely as
− log(m2M/µ2DR). By construction this term is absent in the mDR result. Therefore, the
main difference between these two schemes DR and mDR is this logarithmic contribution
that can be sizeable for very large mM ≫ µDR.
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Figure 3. Comparison between the predictions from the seesaw expansion and the exact results
for the Yukawa part. Left panel: mDR scheme. Right panel: OS scheme. In both panels, p2 =
(116GeV)2.
The results at the next to next order in the seesaw expansion, O(m4D) in (4.6), show
that they all go (leaving apart the logarithms) as g2m4D(M
2
EW,m
2
SUSY)/(M
2
Zm
2
M ). There-
fore the O(m4D) terms are extremely suppressed in the three schemes, and consequently
they are not relevant in the large mM regime.
All the above commented analytical features of the seesaw expansion have also been
checked numerically, as it is illustrated in figure 3. In this figure we show separately the
O(m2D) and O(m4D) contributions and the exact Yukawa prediction in both the mDR (left
plot) and OS scheme (right plot).3 One clearly observes the dominance of the O(m2D) over
the O(m4D) in the mDR scheme by many orders of magnitude in the full explored mM
range. One also sees that the O(m2D) result approximates extremely well the exact Yukawa
result for mM >∼ 104GeV. In contrast, in the OS scheme, the O(m2D) term dominates just
up to about mM = 10
10GeV, but then for larger values the O(m4D) dominates. In this
plot it is also manifested that the exact Yukawa result in the OS is well approximated by
the O(m2D) term in the interval 103GeV < mM < 1011GeV and by the O(m4D) term for
mM > 10
12GeV. At this large values, however, the size of the correction is extremely small
(below 10−17GeV2), hence, irrelevant. It is also clear from this plot that the numerical
results for the O(m4D) contributions are similar in the three schemes.
From the definition of the three renormalization schemes, see section 3.2, and our
analytical and numerical analysis in this section we conclude that the mDR scheme is best
suited for higher-order calculations in MSSM-seesaw model. The other two schemes can
lead to unphysically large corrections at the one-loop level. We will focus in the following
on this scheme, and the numerical evaluation of M
ν/ν˜
h , see section 4.3, will be performed
solely in this “preferred” scheme.
Finally, in this context, we discuss the decoupling or non-decoupling behavior of the
3It should be kept in mind that due to the different renormalization of tan β the meaning of this input
parameter is different in OS and in the mDR scheme. In order to perform a real numerical comparison a
transition from tan β ≡ tanβmDR → tanβOS would have to be performed. However, here we are interested
in the qualitative behavior and we do not consider this shift.
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Figure 4. Left panel: Decoupling/Non-decoupling behavior of the one-loop neutrino/sneutrino
corrections to the renormalized lightest Higgs boson self-energy at large mM in the mDR scheme.
Right panel: Dependence of the neutrino Yukawa coupling (and mD) with mM .
neutrino/sneutrino one-loop radiative corrections with the Majorana scale. According to
figures 2 and 3, the Yukawa part of the renormalized self-energy in the mDR scheme grows
withmM . However, this does not constitute by itself a proof of non-decoupling ofmM in the
radiative corrections to ΣˆmDRhh for asymptotically large mM . To analyze this question, we
have to investigate separately the behaviors of ΣˆmDRhh andmD withmM , since in the way the
seesaw mechanism is implemented here, as we have mentioned before, mD (or equivalently
Yν) is not an input but an output and it grows proportional to
√
mM . To analyze these
two behaviors separately we show in the left plot of figure 4 the ratio (ΣˆmDRhh )Yukawa/m
2
D
versus mM (and mD), and in the right plot we show the predictions of the Yukawa coupling
(and mD) as a function of mM . The latter one exhibits the (trivial) result of Yν ∝ √mM
as expected. In the left plot a constant behavior of the ratio (ΣˆmDRhh )Yukawa/m
2
D is clearly
manifested, which means that the growing of (ΣˆmDRhh )Yukawa with mM is exclusively due to
the growing of Yν (or mD) with mM . However, still this ratio turns out to be non-vanishing
for asymptotically large mM , and constant with mD, as can be seen in figure 4. Therefore,
a non-decoupling constant behavior must be concluded in the Majorana case from all this
discussion. This constant, on the other hand, is very well approximated by the coefficient
multiplying the factor m2D in the Σˆ
mDR
hh (p
2)m2
D
result of (4.5).
In order to understand this issue better, we compare this analytical result, showing a
constant behaviour of the renormalized Higgs boson self-energy in themM →∞ limit when
Yν is kept fixed, with the corresponding result in the Dirac case. For simplification in this
analytical comparison we focus just on the O(p2m2D) terms and use the electroweak basis
for neutrinos and sneutrinos.4 The results at O(p2m2D) for the renormalized self-energies
in the DR scheme for the Majorana and Dirac cases are:
ΣˆMajorana,DRhh (p
2) =
g2m2Dp
2 cos2 α
32π2M2W sin
2 β
(
1
2
− log m
2
M
µ2
DR
)
+
g2m2Dp
2 cos2 α
64π2M2W sin
2 β
(4.9)
ΣˆDirac,DRhh (p
2) =
g2m2Dp
2 cos2 α
32π2M2W sin
2 β
(
2− log p
2
µ2
DR
)
(4.10)
4The computation in this case reduces to just the evaluation of one type of loop diagrams, the sunset
diagrams, 2nd and 5th in figure 1.
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Figure 5. Left panel: ΣˆmDRhh (p
2) as a function of tanβ. Right panel: ΣˆmDRhh (p
2) as a function of
MA. In the left (right) panel, p
2 = (116GeV)2 (p2 = (105GeV)2).
where the first and second terms in ΣˆMajorana,DRhh (p
2) are the contributions from neutrinos
and sneutrinos respectively. It should be noticed that the O(p2m2D) sneutrino contributions
come exclusively from the new couplings g′hν˜Lν˜R = −
igmDmM cosα
2MW sinβ
, which are not present in
the Dirac case. It should also be noticed that this result in the Majorana case translates
into our O(p2m2D) term in (4.5a). The comparison of the two formulas shows that the
result of the Majorana case for low momenta, p2 ≪ m2M , does not coincide with the result
of the Dirac case.
From the right plot in figure 4 we can also conclude on the range ofmM values where the
neutrino Yukawa couplings get too large and potentially non-perturbative. The concrete
crossing line to set the perturbativity region is not uniquely defined, but it should be
considered around Yν ∼ O(1). For instance, by setting the crossing at Y 2ν /(4π) = 1.5
(Yν = 4.34) we get perturbativity for mM < 10
15GeV, and by setting it at Yν = 1.5 it is
got for mM < 10
14GeV. In the following of this subsection we set mM = 10
14GeV as our
reference value.
Dependence on tanβ, MA, µ, mL˜, mR˜, Aν, mν, Bν and p
The behavior of the renormalized self-energy in the mDR scheme with the other parameters
entering in this computation are shown in figures 5–10. In all these plots we have included
separately the gauge, Yukawa and total results for comparison.
First, the behavior with tanβ is analyzed in the left plot of figure 5. It exhibits
basically the expected features that can be inferred from the loop corrections of an up-
type fermion/sfermion. The neutrino/sneutrino one-loop radiative corrections reach their
maximum value at the lowest considered value of tan β, tan β = 2 in this plot. For tanβ > 5
the dependence is nearly flat. There are no relevant differences between the behaviors with
tan β of the Yukawa and the gauge parts. From now on, we will set tanβ = 5 as our
reference value.
The behavior with MA is displayed in the right panel of figure 5. Again we see no
relevant differences with respect to the well known behavior in the MSSM. For MA larger
that 150GeV the total contribution from the neutrino/sneutrino sector to the renormalized
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Figure 6. ΣˆmDRhh (p
2) as a function of mL˜; we have set p
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Figure 7. ΣˆmDRhh (p
2) as a function of mR˜. Left panel: low mass values 10
2GeV < mR˜ < 10
4GeV.
Right panel: high mass values 1013GeV < mR˜ < 10
14 GeV. In both panels we have set p2 =
(105GeV)2.
self-energy is nearly flat with MA. In the following we will take MA = 200GeV as our
reference value.
The dependence with the soft SUSY breaking mass of the ‘left handed’ SU(2) doublet,
mL˜, is shown in figure 6. We see that the gauge contribution is negative and increases
in modulus with increasing mL˜, whereas the Yukawa contribution is positive and nearly
insensitive to changes of mL˜ in the investigated interval, 10
2GeV < mL˜ < 10
4GeV. The
total neutrino/sneutrino corrections, at these selected values of the model parameters, are
positive and decreasing with mL˜ for 10
2GeV < mL˜ < 2 × 103GeV and then become
negative and increasing in modulus with mL˜ for 2× 103GeV < mL˜ < 104GeV.
The behavior with the soft SUSY breaking parameter of the ‘right handed’ sector mR˜
is shown in figure 7. In the left plot a mass scale similar to the other soft SUSY-breaking
parameters is investigated, whereas in the right plot values ofmR˜ closer tomM are explored.
It should be reminded that these values are not constrained by data. An interesting feature
can be observed at large values of mR˜. The contributions to the renormalized self-energy
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Figure 9. ΣˆmDRhh (p
2) as a function of Bν . Left panel: low Bν values, 10
2GeV < Bν < 10
4GeV.
Right panel: high Bν values, 10
12 GeV < Bν < 10
13GeV. In both panels we have set p2 =
(105GeV)2.
stay flat up to about mR˜ ∼ 1013GeV. Above this mass scale the Yukawa part grows
rapidly, reaching very large values at mR˜ ∼ 1014GeV of around ΣˆmDRhh ∼ 7000GeV2.
The behavior with the new soft SUSY-breaking trilinear coupling Aν is shown in the
left plot of figure 8. The full result, the gauge, and Yukawa parts are nearly independent on
this parameter in the studied interval, −1000GeV < Aν < 1000GeV. Although not shown
explicitly, we have also studied the behavior with µ and got the same ‘flat’ behavior for
−1000GeV < µ < 1000GeV. This justifies our choice Aν = µ = 0 in our seesaw expansion
above.
The behavior with the lightest neutrino mass, mν , is demonstrated in the right plot
of figure 8. One can see that the Yukawa part is quite sensitive to this mass that we have
varied in a plausible and compatible with data range. The growing of the result with |mν |,
for fixedmM , is the consequence of the growing of Yν (or mD) with |mν | since in this model
they are correlated, as shown in (2.11) and (2.12).
The behavior with Bν is analyzed in figure 9. We have found a flat result with this new
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Figure 10. Left panel: ΣˆmDRhh (p
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2) as a function of the external momen-
tum p. Right panel: the two contributions ΣˆmDRhh (p
2)gauge Σˆ
mDR
hh (p
2)Yukawa and the full result are
shown separately.
soft parameter for most of the explored range, except at very large values, Bν > 10
12GeV,
as shown in the right plot. For these large values the Yukawa part grows noticeably with Bν
and dominates largely the total result, leading to large radiative corrections. For instance,
for the parameters chosen in this figure and Bν = 10
13GeV, we found ΣˆmDRhh ∼ 2400GeV2.
The question whether such large values of Bν are realistic depends on the particular models
and universality conditions. However, such an analysis is beyond the scope of our paper.
On the other hand, if we apply the bounds that are imposed in order to avoid destabilizing
the electroweak symmetry breaking [28], leading to BνY
2
ν /(8π
2) < mSUSY/ tan β, one gets
an upper limit on Bν . For Yν ∼ 1, mSUSY ∼ 1000GeV and tanβ ∼ 5 one finds Bν < 1.6×
104GeV. For this range the renormalized Higgs-boson self-energy is nearly independent of
Bν . From now on, we will choose Bν = 500GeV as our reference value.
Finally, we show in figure 10 the behavior with p2, the square of the external momentum
of the Higgs boson self-energies, which is a relevant issue for the discussion of the radiative
corrections to the Higgs-boson masses (see the next subsection). The three renormalized
self-energies, Σˆhh, ΣˆHH and ΣˆhH , are clearly dependent on p
2, but the most sensitive one
is Σˆhh. It is clear from this figure that setting p
2 = 0 in the renormalized self-energies
does not provide a good approximation for the estimate of the radiative corrections to
the Higgs boson mass from the neutrino/sneutrino sector in the present case of Majorana
neutrinos. One can also see that mainly the Yukawa part is responsible for this sensitivity
to p2. Setting the proper p2 in order to estimate realistically the Higgs mass corrections
will be discussed in the next subsection.
The Dirac case
Finally, we perform a comparison between the case of massive Majorana neutrinos (as
analyzed so far) and the case of Dirac neutrinos. In order to analyze the Dirac case, we
have computed the one-loop neutrino/sneutrino contributions to the renormalized lightest
Higgs boson self-energy for mM = 0. The analytical results for this Dirac case are collected
in appendix C. We have chosen here the DR scheme, since due to the absence of mM no
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Figure 11. One-loop corrections to the Yukawa part of the lightest Higgs boson renormalized
self-energy from the neutrino/sneutrino sector in the case of massive Dirac neutrinos.
large logarithmic corrections are expected, and a comparison to existing calculations can
readily be performed. First, we have checked the finiteness of the result. Second, we have
also checked that the obtained formulas agree with the well known result of the one-loop
radiative corrections from other massive fermion/sfermion sectors of the MSSM, with the
obvious corresponding changes of fermion/sfermion parameters and quantum numbers. In
particular, it can be seen that the formulas in appendix C coincide with the one-loop
corrections from the MSSM top/stop sector by replacing, correspondingly, the neutrino
SU(2) × U(1) quantum numbers by the top quark ones, mD by mt, mν˜± (= mν˜1) by mt˜1 ,
mN˜± (= mν˜2) by mt˜2 , θ± (= θ˜) by θ˜t and by adding the proper color factor, NC = 3.
As for the numerical estimate, we present in figure 11 the result of the Yukawa con-
tributions from the one-loop neutrino/sneutrino radiative corrections to the renormalized
self-energy, (ΣˆYukawahh )Dirac, as a function of the physical neutrino mass, |mν | = mD. The
regularization scale has been fixed here to µDR = 100GeV and the external momentum
to p = 116GeV. As in the Majorana case, we consider an interval for the neutrino mass
inspired by experimental data, 0.01 eV <∼ |mν | <∼ 1 eV. In this plot we see clearly that,
as expected, these Yukawa contributions are extremely small (below 10−20GeV2) and are
fully dominated by the gauge part which we have also estimated, for the chosen parameters
in this plot, leading to (Σˆgaugehh )Dirac = −18.5GeV2. Notice that this gauge part is similar
in both Majorana and Dirac cases, as can be seen in the right plot of figure 8. In sum-
mary, the radiative corrections from the massive neutrinos/sneutrinos in the Dirac case are
phenomenologically irrelevant and therefore this case is totally indistinguishable from the
MSSM with massless neutrinos.
4.3 Estimate of the one-loop corrections from neutrino/sneutrino sector to
Mh within the MSSM-seesaw
We recall that the anticipated LHC precision of the mass of an SM-like Higgs boson is
∼ 200MeV, and that at the ILC an accuracy on the mass could reach the 50MeV level.
These experimental precisions set the goal for the theoretical accuracies.
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As outlined in section 3.1 the higher-order corrected light MSSM Higgs-boson mass
is obtained as a pole from (3.2), i.e. where p2 = M2h . A realistic evaluation requires to
take into account all known higher-order corrections to the renormalized Higgs-boson self-
energies [70, 71]. In order to simplify our analysis, but to maintain the high accuracy we
follow a slightly different strategy. For a given set of SUSY parameters we first calculate
Mh and MH in the MSSM with the help of FeynHiggs [34, 58, 72, 73].
5 In this way all
relevant known higher-order corrections are included, but no ν/ν˜ contributions are taken
into account yet. This corresponds to a ‘diagonalization’ of the CP-even Higgs sector in the
MSSM without heavy Majorana (s)neutrinos. In a second step we search for the poles of[
p2 −M2h + Σˆν/ν˜hh (M2h)
] [
p2 −M2H + Σˆν/ν˜HH(M2h)
]
−
[
Σˆ
ν/ν˜
hH (M
2
h)
]2
= 0 , (4.11)
where, Σˆ
ν/ν˜
hh,HH,hH denote the full corrections to the renormalized Higgs-boson self-energies
from the ν/ν˜ sector, obtained in the mDR scheme as described in the present work. The
pole, the light Higgs mass including the ν/ν˜ corrections (i.e. in the MSSM-seesaw model),
is denoted by M
ν/ν˜
h . This ‘re-diagonalization’ now effectively takes into account the full
result of the MSSM-seesaw. The momentum in the self-energies is fixed to the value Mh
as obtained with FeynHiggs, since it is expected that the new contributions only give a
relatively small correction to this Mh. In a more elaborate analysis the renormalized self-
energies should be evaluated with free p2. However, we expect only a very minor effect
from fixing the external momentum to this value. In the near future the results of the new
neutrino/sneutrino corrections will be implemented into the code FeynHiggs.
The numerical results for ∆mmDRh := M
ν/ν˜
h − Mh are summarized in figures 12
through 15. We have chosen here to explore the Higgs mass predictions as a function
of just the most relevant model parameters which, according to our previous exhaustive
analysis of the renormalized Higgs-boson self-energies, are going to provide the most inter-
esting/sizeable corrections. These are: the Majorana mass mM (or, equivalently, the heavi-
est physical Majorana neutrino mass mN ), the soft SUSY breaking parameters mR˜ and Bν
and the lightest physical Majorana neutrino mass mν . As for the numerical values of these
relevant parameters, we focus here in the following intervals: 1013GeV ≤ mM ≤ 1015GeV,
0.1 eV ≤ |mν | ≤ 1 eV, 103GeV ≤ mR˜ ≤ mM and 103GeV ≤ Bν ≤ 4 × 1012GeV. For the
remaining model parameters, tan β, MA, µ, mL˜ and Aν , we choose here the same reference
values as in the previous subsection. The corresponding predictions for other choices of the
parameters can be easily inferred from our previous results of the renormalized self-energies.
In figure 12 we show the predictions for ∆mmDRh as a function of the Majorana mass
mM , for several input mR˜ values. As a general feature, the Higgs mass corrections for the
reference parameter values in the left plot are positive and below 0.1GeV if mM <∼ 5 ×
1013GeV and mR˜ < 10
12GeV. For larger Majorana mass values, the corrections get
negative and grow up to a few GeV. For instance, ∆mmDRh = −2.15GeV for mM =
1015GeV. The results in the right plot show that for larger values of the soft mass,
mR˜
>∼ 1013GeV the Higgs mass corrections are negative and can be sizeable, a few tens
of GeV, reaching their maximum values at mR˜ ≃ mM . For instance, for mR˜ = mM =
5The program is available via www.feynhiggs.de.
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Figure 13. Left panel: One-loop corrections to the lightest Higgs boson mass from the neu-
trino/sneutrino sector as a function of the heavy Majorana mass, mM , for various choices of the
soft B-parameter, 103GeV < Bν < 4 × 1012 GeV. Right panel: Dependence of the Higgs mass
corrections with the lightest neutrino mass, |mν |.
1014GeV we get a very large correction, ∆mmDRh = −50GeV. This last large negative
value is in agreement with the prediction in ref. [27] for the same corresponding input
values of the parameters in their split SUSY scenario. It should be noticed that, in the
case of such large corrections our approximation of (4.11) is not accurate enough to obtain
a precise result for M
ν/ν˜
h . However, our method still yields an indication of the size of the
corrections from the ν/ν˜ sector to Mh.
The behavior of the Higgs mass corrections as a function of the Bν parameter is
displayed in the left plot of figure 13. Again, ∆mmDRh gets negative and large for large Bν ,
reaching the maximum size at Bν ≃ mM . For instance, for the input model parameters in
this plot, and Bν = 4× 1012GeV, mM = 1013GeV, we find ∆mmDRh = −21GeV.
The dependence of the mass corrections with the light Majorana neutrino mass is
illustrated in the right panel of figure 13. The size of the corrections grow with |mν |, as
expected, and can be either positive in the low region, close to |mν | ∼ 0.1 eV, or negative
in the high region, close to |mν | ∼ 1 eV.
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Figure 14. Contour-lines for the Higgs mass corrections from the neutrino/sneutrino sector as a
function of the physical Majorana neutrino masses, light |mν | and heavymN . The other parameters
are fixed to: Aν = Bν = mL˜ = mR˜ = 10
3GeV, tanβ = 5, MA = 200GeV and µ = 200GeV.
These same interesting features of the Higgs mass corrections in terms of the two
relevant physical Majorana neutrino masses, mN and mν , are summarized in the contour-
plot in figure 14. Here we have fixed all the soft parameters, including mR˜, to be at 1TeV.
The contour-lines for fixed ∆mmDRh range from positive values around 0.1GeV in the left
lower corner of the plot, corresponding to neutrino mass values of |mν | = 0.1− 0.3 eV and
mN = 3× 1013GeV, up to negative values around −5GeV in the right upper corner of the
plot, corresponding to, for instance, |mν | = 1 eV and mN = 1015GeV. It should be noticed
that the contour-line with fixed ∆mmDRh = 0.09 (drawn with a wider black line in this plot)
coincides with the prediction for the case where just the gauge part in the self-energies have
been included. This means that ‘the distance’ of any other contour-line respect to this line
represents the difference in the radiative corrections respect to the MSSM prediction.
We plot in figure 15, the contour-lines for fixed ∆mmDRh in the less conservative case
where mR˜ is close to mM . These are displayed as a function of |mν | and the ratio mR˜/mM .
mM is fixed here to the reference value, mM = 10
14GeV. For the interval studied here,
we see again that the radiative corrections can be negative and as large as tens of GeV in
the upper right corner of the plot. For instance, ∆mmDRh = −30GeV for mM = 1014GeV,
|mν | = 0.6 eV and mR˜/mM = 0.7.
Finally, given our previous simple analytical results of the renormalized self-energies
in the seesaw limit, see (4.4), (4.5), it is interesting to derive a simple analytical expression
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Figure 15. Contour-lines for the Higgs mass corrections from the neutrino/sneutrino sector as a
function of the ratio mR˜/mM and the lightest Majorana neutrino mass |mν |. The other parameters
are fixed to: mM = 10
14GeV, Aν = Bν = mL˜ = 10
3GeV, tanβ = 5, MA = 200GeV and
µ = 200GeV.
for the contribution of the heavy neutrino-sneutrino sector to the one-loop radiatively
corrected Higgs mass in the limit of large mM . Neglecting in (4.11) the contributions
from Σˆ
ν/ν˜
HH and Σˆ
ν/ν˜
hH one finds,
∆mmDRh ≃ −
Σˆ
ν/ν˜
hh (M
2
h)
2Mh
(4.12)
where Σˆ
ν/ν˜
hh denotes the full corrections to the renormalized Higgs-boson self-energy from
the ν/ν˜ sector and obtained in the mDR scheme as described in the present work. We
have found that this yields a very good approximation to the full result, i.e. the pole
obtained from (4.11). In a next step in the above expression Σˆ
ν/ν˜
hh has to be replaced by our
simplified results in the large mM limit, namely, those in (4.4b) and (4.5b), providing the
leadingO(m0D) andO(m2D) contributions. We have compared numerically this approximate
∆mmDRh with our full numerical results for large mM in figure 12, and found very good
agreement, whenever the soft SUSY masses are well below mM . In fact, the behaviour
with mM of this approximate formula is indistinguisible from the lower line in the left plot
of figure 12.
We therefore conclude that the use of the previous (4.12) with
Σˆ
ν/ν˜
hh (M
2
h) ≃
(
ΣˆmDRhh (M
2
h)
)
m0
D
+
(
ΣˆmDRhh (M
2
h)
)
m2
D
(4.13)
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as given in (4.4b) and (4.5b), respectively, provides an excellent approximation to the full
result for large Majorana mass values, 1013GeV < mM < 10
15GeV and soft masses well
below mM , mSUSY <∼ 104GeV. Furthermore, the above simple approximation can also be
used for estimates of the differences in the mass correction when applied to the DR scheme
versus the mDR scheme for different choices of the µDR scale. For instance, for mM =
1014GeV and the other parameters set to our reference values as defined in section 4.2, we
got small differences of |(∆mDRh −∆mmDRh )/Mh| < 1% for 0.1 < µDR/mM < 1.
5 Conclusions
In this paper we have presented the one-loop radiative corrections to the renormalized CP-
even Higgs boson self-energies and to the lightest Higgs boson mass from the one-generation
neutrino-sneutrino sector within the context of the MSSM-seesaw. The most interesting
features in this scenario are that the neutrinos, differently to other fermions, are assumed
to be Majorana particles, and that the origin for the light neutrino mass is not as for the
other fermions either, but it is instead generated by means of the seesaw mechanism with
the addition of heavy right handed neutrinos with a large Majorana mass.
As a first useful result, we have included here the complete set of Feynman rules in
this MSSM-seesaw context that are relevant for this work, which to our knowledge are
not available in the literature. These include all vertices for the interactions among the
Higgs sector and the neutrinos/sneutrinos and for the Z gauge boson and the neutri-
nos/sneutrinos. These Feynman rules have been presented in terms of all the physical
masses and mixing angles of the particles involved, namely, the CP-even Higgs bosons h
and H, the CP-odd Higgs boson A, the light and heavy Majorana neutrinos ν and N , their
SUSY partners ν˜±, N˜± and the neutral gauge boson Z.
The computation presented here is a full one-loop Feynman diagrammatic one and does
not make use of any of the approximations applied in the literature. In particular, we do
not use the mass insertion approximation for any of the involved soft mass parameters, nor
we neglect the external momentum in the self-energies, which we have found to be relevant
for the final computation of the Higgs mass corrections. We have presented our analytical
results in terms of the physical neutrinos, sneutrinos, Z, and Higgs bosons masses. In
addition we have analyzed the role played by the heavy Majorana mass scale mM , and
emphasized the differences between the Majorana and Dirac neutrino cases.
We have fully analyzed the behavior of the neutrino/sneutrino corrections to the renor-
malized CP-even Higgs self-energies with all the involved masses and parameters: mM ,
tan β, MA, mL˜, mR˜, Aν , mν and Bν . Our numerical study of the size of these corrections
has been performed over a wide interval for all these parameters, so that our conclusions
can be considered as general. From this exhaustive study we have concluded that the
most relevant parameters are mM , mν , mR˜ and Bν . In particular, the Majorana mass
is by far the most crucial one. In general, we have found sizeable corrections to the self-
energies, indeed comparable or even larger than the other relevant one-loop corrections,
as the ones from the MSSM top-stop sector, at the highest explored values of mM , mν ,
mR˜ and Bν . We have explained here the large size of these corrections in terms of the
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neutrino Yukawa couplings, which are typically large, Yν ∼ O(1) in these seesaw scenarios
with heavy Majorana neutrinos. For comparison, we have further included the predictions
in two renormalization schemes, the on-shell and the DR schemes, where we have found
interesting differences. These differences have been analyzed and explained with the help
of simple formulas that are valid in the seesaw limit where mM is much larger than all the
other mass scales involved.
The main conclusions on the corrections to the lightest Higgs boson mass are summa-
rized in the contour-plots shown in figures 14 and 15. For the most conservative scenario
of figure 14, where all the soft mass parameters are at the TeV scale, the corrections
are positive and smaller than 0.1GeV if 1013GeV < mM < 10
14GeV (or, equivalently,
1013GeV < mN < 10
14GeV) and 0.1 eV < |mν | < 1 eV. For larger mM and/or |mν | values
the corrections change to negative sign and grow in size with these two masses up to values
of around −5GeV for mM = 1015GeV and |mν | = 1 eV. For the less conservative scenario
of figure 15, where the soft mass associated to the right handed neutrino sector, mR˜ is
of the order of the Majorana mass scale, we find very large negative corrections, at the
right upper corner of the plot, that is for large mM and mR˜, of O(1014)GeV, and |mν | of
O(1) eV. For instance, they are around −30GeV, for mM = 1014GeV, mR˜/mM = 0.7 and
|mν | = 0.6 eV. In view of the anticipated experimental precisions at the LHC and the ILC
these corrections are very large and should be taken into account if the experimental data
indicate the existence of Majorana (s)neutrinos.
In summary, we conclude that the one-loop corrections from heavy Majorana neutrinos
to the Higgs boson masses are important in this MSSM-seesaw scenario, and overwhelm
by many orders of magnitude the corresponding corrections in the case of Dirac massive
neutrinos. These have also been estimated here and are extremely tiny, smaller than
10−22GeV.
Finally, we briefly remark on the interesting and more formal issue of decoupling/non-
decoupling effects from the heavy Majorana neutrinos/sneutrinos sector in the low energy
MSSM Higgs boson physics. It is clear that our results in the present paper, showing large
one-loop corrections ∆mmDRh to the h boson mass for large mM , suggest that there could
be indeed non-decoupling effects from the heavy particles in the low energy MSSM Higgs
bosons physics. Particularly suggesting are the numerical results shown in figures 12–
15 where it is clearly manifested a growing of ∆mmDRh with mM . Also our simplified
analytical results for ∆mmDRh in (4.4b), (4.5b), (4.12) and (4.13) suggest a non-decoupling
effect, since the mass correction does not vanish in the asymptotic limit mM → ∞, even
for Yν (or mD) kept fixed. However, we believe that one should not conclude on non-
decoupling effects based just on the behaviour of the Higgs mass corrections with mM .
It is well known that the mass itself is not the proper physical observable to study the
decoupling/non-decoupling issue. A more proper tool for that study would be the use of
Effective Field Theory techniques, and more concretely the computation of the one-loop
effective action by integration in the path integral of the heavy degrees of freedom. An
expansion, valid to low external momenta, p ≪ mM , of the derived 1PI renormalized
Green functions with Higgs bosons in the external legs would provide the definite answer
to the issue of decoupling/non-decoupling of the heavy νR, ν˜R, degrees of freedom in the
– 35 –
J
H
E
P05(2011)063
low energy Higgs boson physics. Alternatively one could perform one-loop predictions
within the present MSSM-seesaw model for other more proper observables for this issue
like, for instance, cross sections involving Higgs particles in the external legs, decay rates of
Higgs bosons, etc. The behaviour of these kind of radiative corrections at asymptotically
large mM could also be conclusive on this issue. All these proposed studies are extremely
interesting but are far beyond the scope of the present work.
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A New Feynman rules
In this appendix we collect the Feynman rules within the MSSM-seesaw that are relevant
for the present work. These correspond to the interactions between the neutrinos and
sneutrinos with the MSSM Higgs bosons and between the neutrinos and sneutrinos with
the Z gauge bosons. We write all the Feynman rules here in the physical basis. Here
cw = cos θW .
h , H , A
ν
ν
i g2MW mD sin 2θ
(
cosα
sinβ ,
sinα
sinβ ,−iγ5 cot β
)
h , H , A
N
N
−i g2MW mD sin 2θ
(
cosα
sinβ ,
sinα
sinβ ,−iγ5 cot β
)
h , H , A
ν
N
−i g2MW mM sin θ cos θ
(
cosα
sinβ ,
sinα
sinβ ,−iγ5 cot β
)
Zµ
ν
ν
ig
2cw
cos2 θ γµγ5
Zµ
N
N
ig
2cw
sin2 θ γµγ5
Zµ
ν
N
ig
2cw
sin θ cos θ γµγ5
Table 1. Three-point couplings of two Majorana neutrinos to one MSSM Higgs boson and of two
Majorana neutrinos to the Z gauge boson.
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h
ν˜+
ν˜+
i g4cwMW sinβ [−4cw cosαm2D+2cw cosαmD(Aν+mM+µ tanα ) sin 2θ+
+
M2
W
cw
sin β sin(α+ β) (1 + cos 2θ+) ]
h
N˜+
N˜+
−i g4cwMW sinβ [4cw cosαm2D+2cw cosαmD(Aν+mM+µ tanα ) sin 2θ+
−M2Wcw sin β sin(α+ β) (1 − cos 2θ+) ]
h
ν˜+
N˜+
−i g2cwMW sinβ [cw cosαmD(Aν +mM + µ tanα ) cos 2θ+
−M2Wcw sin β sin(α+ β) cos θ+ sin θ+]
h
ν˜−
ν˜−
i g4cwMW sinβ [−4cw cosαm2D+2cw cosαmD(Aν−mM+µ tanα ) sin 2θ−
+
M2
W
cw
sin β sin(α+ β) (1 + cos 2θ−) ]
h
N˜−
N˜−
−i g4cwMW sinβ [4cw cosαm2D+2cw cosαmD(Aν−mM+µ tanα ) sin 2θ−
−M2Wcw sin β sin(α+ β) (1 − cos 2θ−) ]
h
ν˜−
N˜−
−i g2cwMW sinβ [cw cosαmD (Aν −mM + µ tanα ) cos 2θ−
−M2Wcw sin β sin(α+ β) cos θ− sin θ−]
Table 2. Three-point couplings of two sneutrinos to the Higgs boson h. The corresponding
couplings to the Higgs boson H are obtained from the ones here by replacing cosα→ sinα , sinα→
− cosα , sin(α+ β)→ − cos(α + β). All the couplings not shown here vanish.
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p
Zµ
p
′
ν˜+
ν˜−
g
2cw
cos θ+ cos θ− (p+ p′)µ
p
Zµ
p
′
N˜+
N˜−
g
2cw
sin θ+ sin θ− (p+ p′)µ
p
Zµ
p
′
ν˜−
N˜+
g
2cw
sin θ+ cos θ− (p + p′)µ
p
Zµ
p
′
N˜−
ν˜+
g
2cw
cos θ+ sin θ− (p + p′)µ
Table 3. Three-point couplings of two sneutrinos to the Z gauge boson. All the couplings not
shown here vanish.
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A
N˜+
N˜−
i g2MW cot β mD[(Aν + µ tan β) sin(θ− − θ+) +mM sin(θ− + θ+)]
A
ν˜+
N˜−
i g2MW cot β mD[−(Aν + µ tan β) cos(θ− − θ+) +mM cos(θ− + θ+)]
A
ν˜−
N˜+
i g2MW cot βmD[(Aν + µ tan β) cos(θ− − θ+) +mM cos(θ− + θ+)]
A
ν˜+
ν˜−
i g2MW cot βmD[(Aν + µ tan β) sin(θ− − θ+)−mM sin(θ− + θ+)]
Table 4. Three-point couplings of two sneutrinos to the Higgs boson A. All the couplings not
shown here vanish.
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h , H
h , H
ν˜+
ν˜+
i g
2
8c2wM
2
W
sin2β
[4(− cos2α, sin2α)c2wm2D+cos 2αM2W sin2β(1+cos 2θ+)]
h , H
h , H
N˜+
N˜+
−i g2
8c2
w
M2
W
sin2β
[4(cos2α, sin2α)c2wm
2
D(−,+) cos 2αM2W sin2β(1−cos 2θ+)]
h , H
h , H
N˜+
ν˜+
(+,−) i g2
4c2w
cos 2α cos θ+ sin θ+
H
h
ν˜+
ν˜+
i g
2
8c2wM
2
W
sin2 β
sin 2α [−2c2wm2D +M2W sin2 β (1 + cos 2θ+)]
H
h
N˜+
N˜+
−i g2
8c2wM
2
W
sin2 β
sin 2α [2c2wm
2
D −M2W sin2 β (1− cos 2θ+)]
H
h
N˜+
ν˜+
i g
2
4c2w
sin 2α cos θ+ sin θ+
Table 5. Four-point couplings of two sneutrinos to two CP-even Higgs bosons. The corresponding
couplings for ν˜
−
and N˜
−
can be obtained from these by replacing θ+ → θ−. All the couplings not
shown here vanish.
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A
A
ν˜+
ν˜+
i g
2
8c2wM
2
W
sin2 β
[−4 cos2 β c2wm2D + cos 2βM2W sin2 β (1 + cos 2θ+)]
A
A
N˜+
N˜+
−i g2
8c2wM
2
W
sin2 β
[4 cos2 β c2wm
2
D − cos 2βM2W sin2 β (1− cos 2θ+)]
A
A
N˜+
ν˜+
i g
2
4c2w
cos 2β cos θ+ sin θ+
Zν
Zµ
ν˜+
ν˜+
i g
2
2cw
cos2 θ+gµν
Zν
Zµ
N˜+
N˜+
i g
2
2cw
sin2 θ+gµν
Zν
Zµ
N˜+
ν˜+
i g
2
2cw
cos θ+ sin θ+gµν
Table 6. Four-point couplings of two sneutrinos to two CP-odd Higgs bosons and of two sneutrinos
to two Z gauge bosons. The corresponding couplings for ν˜
−
and N˜
−
can be obtained from these
by replacing θ+ → θ−. All the couplings not shown here vanish.
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B Majorana case. One-loop neutrino/sneutrino corrections to the un-
renormalized self-energies and tadpoles
In this appendix we collect all the analytical results for the neutrino and sneutrino one-loop
corrections to the Higgs boson tadpoles and unrenormalized self-energies, and to the Z self-
energies, within the MSSM-seesaw. The contributions from neutrinos (ν) and sneutrinos
(ν˜) are presented separately for clearness. Here cw = cos θW .
T νh =
g
16cwMZπ2
cosα sin 2θ
sin β
mD(mνA0[m
2
ν ]−mNA0[m2N ]) (B.1)
T ν˜h = −
g
64cwMZπ2
1
sinβ
(
A0[m
2
ν˜+ ]
(
M2Z cos
2 θ+ sin β sin(α+ β)
+mDµ sinα sin 2θ+ +mD cosα(−2mD + (Aν +mM ) sin 2θ+)
)
+A0[m
2
ν˜− ]
(
M2Z cos
2 θ− sin β sin(α+ β)
+mDµ sinα sin 2θ− −mD cosα(2mD − (Aν −mM ) sin 2θ−)
)
−A0[m2N˜+ ]
(
−M2Z sin β sin(α+ β) sin2 θ+
+2mD cosα
(
mD +
1
2
(Aν +mM ) sin 2θ+
)
+mDµ sinα sin 2θ+
)
−A0[m2N˜− ]
(
−M2Z sin β sin(α+ β) sin2 θ−
+2mD cosα
(
mD +
1
2
(Aν −mM ) sin 2θ−
)
+mDµ sinα sin 2θ−
))
(B.2)
Σνhh(p
2) = − g
2
64c2wM
2
Zπ
2
cos2 α sin2 2θ
sin2 β
[
2m2DA0[m
2
ν ] + (2m
2
D +m
2
M)A0[m
2
N ]
+4m2Dm
2
νB0[p
2,m2ν ,m
2
ν ] +m
2
M (m
2
ν +mνmN )B0[p
2,m2ν ,m
2
N ]
+4m2Dm
2
NB0[p
2,m2N ,m
2
N ]
+p2
(
2m2DB1[p
2,m2ν ,m
2
ν ]+m
2
MB1[p
2,m2ν ,m
2
N ]+2m
2
DB1[p
2,m2N ,m
2
N ]
)]
(B.3)
Σν˜hh(p
2) =
g2
512c2wM
2
Zπ
2 sin2 β
[− 4A0[m2ν˜+ ](−2m2D cos2 α+M2Z sin2 β cos 2α cos2 θ+)
−4A0[m2N˜+ ](−2m
2
D cos
2 α+M2Z sin
2 β cos 2α sin2 θ+)
−4A0[m2ν˜− ](−2m2D cos2 α+M2Z sin2 β cos 2α cos2 θ−)
−4A0[m2N˜− ](−2m
2
D cos
2 α+M2Z sin
2 β cos 2α sin2 θ−)]
+2B0[p
2,m2
N˜+
,m2ν˜+](4m
2
D cos
2 2θ+ cos
2 α (Aν +mM + µ tanα)
2
+M2Z sin β sin(α+ β)(M
2
Z sinβ sin(α+ β) sin
2 2θ+
−2mD cosα(Aν +mM + µ tanα) sin 4θ+)
+2B0[p
2,m2
N˜−
,m2ν˜− ](4m
2
D cos
2 2θ− cos2 α (Aν −mM + µ tanα)2
+M2Z sin β sin(α+ β)(M
2
Z sinβ sin(α+ β) sin
2 2θ−
−2mD cosα(Aν −mM + µ tanα) sin 4θ−)
+4B0[p
2,m2
N˜+
,m2
N˜+
](mD cosα(2mD + sin 2θ+(Aν +mM + µ tanα))
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−M2Z sin β sin(α+ β) sin2 θ+)2
+4B0[p
2,m2
N˜−
,m2
N˜−
](mD cosα(2mD + sin 2θ−(Aν −mM + µ tanα))
−M2Z sin β sin(α+ β) sin2 θ−)2
+4B0[p
2,m2ν˜+ ,m
2
ν˜+ ](mD cosα(−2mD + sin 2θ+(Aν +mM + µ tanα))
−M2Z sin β sin(α+ β) cos2 θ+)2
+4B0[p
2,m2ν˜− ,m
2
ν˜− ](mD cosα(−2mD + sin 2θ−(Aν −mM + µ tanα))
−M2Z sin β sin(α+ β) cos2 θ−)2
]
(B.4)
The corresponding results for the tadpole TH , and the unrenormalized self-energy
ΣHH are obtained from the above formulas by replacing cosα → sinα, sinα → − cosα,
sin(α+ β)→ − cos(α+ β).
ΣνhH(p
2) = − g
2
128c2wM
2
Zπ
2
sin 2α sin2 2θ
sin2 β
[
2m2DA0[m
2
ν ] + (2m
2
D +m
2
M)A0[m
2
N ]
+4m2Dm
2
νB0[p
2,m2ν ,m
2
ν ] +m
2
M (m
2
ν +mνmN )B0[p
2,m2ν ,m
2
N ]
+4m2Dm
2
NB0[p
2,m2N ,m
2
N ]]
+p2
(
2m2DB1[p
2,m2ν ,m
2
ν ]+m
2
MB1[p
2,m2ν ,m
2
N ]+2m
2
DB1[p
2,m2N ,m
2
N ]
)]
(B.5)
Σν˜hH(p
2) =
g2
512c2wM
2
Zπ
2 sin2 β
[
4A0[m
2
ν˜+] sin 2α(m
2
D −M2Z sin2 β cos2 θ+)
+4A0[m
2
N˜+
] sin 2α(m2D −M2Z sin2 β sin2 θ+)
+4A0[m
2
ν˜− ] sin 2α(m
2
D −M2Z sin2 β cos2 θ−)
+4A0[m
2
N˜−
] sin 2α(m2D −M2Z sin2 β sin2 θ−)
+2B0[p
2,m2
N˜+
,m2ν˜+ ]×
(2m2D cos
2 2θ+(−2(Aν +mM )µ cos 2α + ((Aν +mM)2 − µ2) sin 2α)
+M2Z sinβ(−M2Z sinβ sin(α+ β) cos(α+ β) sin2 2θ+
+mD((Aν +mM) cos(2α+ β) + µ sin(2α + β)) sin 4θ+))
+2B0[p
2,m2
N˜−
,m2ν˜− ]×
(2m2D cos
2 2θ−(−2(Aν −mM )µ cos 2α + ((Aν −mM)2 − µ2) sin 2α)
+M2Z sinβ(−M2Z sinβ sin(α+ β) cos(α+ β) sin2 2θ−
+mD((Aν −mM) cos(2α+ β) + µ sin(2α + β)) sin 4θ−))
+2B0[p
2,m2
N˜+
,m2
N˜+
](m2D(−2µ cos 2α sin 2θ+(2mD + (Aν +mM) sin 2θ+)
+ sin 2α(4m2D + 4mD(Aν +mM ) sin 2θ+ + ((Aν +mM )
2 − µ2) sin2 2θ+))
+M2ZmD sin β sin
2 θ+(2µ sin(2α+ β) sin 2θ+
+2(2mD + (Aν +mM) sin 2θ+) cos(2α + β))
−M4Z sin2 β sin4 θ+ sin 2(α+ β))
+2B0[p
2,m2
N˜−
,m2
N˜−
](−m2D(2µ cos 2α sin 2θ−(2mD + (Aν −mM ) sin 2θ−)
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− sin 2α(4m2D + 4mD(Aν −mM ) sin 2θ− + ((Aν −mM )2 − µ2) sin2 2θ−))
+M2ZmD sin β sin
2 θ−(2µ sin(2α+ β) sin 2θ−
+2(2mD + (Aν −mM) sin 2θ−) cos(2α + β))
−M4Z sin2 β sin4 θ− sin 2(α+ β))
+2B0[p
2,m2ν˜+ ,m
2
ν˜+ ](−m2D(2µ cos 2α sin 2θ+(−2mD + (Aν +mM) sin 2θ+)
− sin 2α(4m2D − 4mD(Aν +mM ) sin 2θ+ + ((Aν +mM )2 − µ2) sin2 2θ+))
+M2ZmD sin β cos
2 θ+(−2µ sin(2α+ β) sin 2θ+
+2(2mD − (Aν +mM) sin 2θ+) cos(2α + β))
−M4Z sin2 β cos4 θ+ sin 2(α + β))
+2B0[p
2,m2ν˜− ,m
2
ν˜− ](−m2D(2µ cos 2α sin 2θ−(−2mD + (Aν −mM ) sin 2θ−)
− sin 2α(4m2D − 4mD(Aν −mM ) sin 2θ− + ((Aν −mM )2 − µ2) sin2 2θ−))
+M2ZmD sin β cos
2 θ−(−2µ sin(2α+ β) sin 2θ−
+2(2mD − (Aν −mM) sin 2θ−) cos(2α + β))
−M4Z sin2 β cos4 θ− sin 2(α + β))
]
(B.6)
ΣνAA(M
2
A) = −
g2
64c2wM
2
Zπ
2
cos2 β sin2 2θ
sin2 β
[
2m2DA0[m
2
ν ] + (2m
2
D +m
2
M )A0[m
2
N ] (B.7)
+m2M(m
2
ν −mνmN )B0[M2A,m2ν ,m2N ]
+M2A
(
2m2D(B1[M
2
A,m
2
ν ,m
2
ν ] +B1[M
2
A,m
2
N ,m
2
N ]) +m
2
MB1[M
2
A,m
2
ν ,m
2
N ]
)]
Σν˜AA(M
2
A) =
g2
256c2wM
2
Zπ
2
1
sin2 β
[
A0[m
2
ν˜+ ](4m
2
D cos
2 β − 2M2Z cos 2β sin2 β cos2 θ+)
+A0[m
2
N˜+
](4m2D cos
2 β − 2M2Z cos 2β sin2 β sin2 θ+)
+A0[m
2
ν˜− ](4m
2
D cos
2 β − 2M2Z cos 2β sin2 β cos2 θ−)
+A0[m
2
N˜−
](4m2D cos
2 β − 2M2Z cos 2β sin2 β sin2 θ−)
+4m2D
[
B0[M
2
A,m
2
ν˜+,m
2
ν˜− ](µ sin β sin(θ− − θ+)
+ cos β(Aν sin(θ− − θ+)−mM sin(θ− + θ+)))2
+B0[M
2
A,m
2
N˜+
,m2
N˜−
](µ sin β sin(θ− − θ+)
+ cos β(Aν sin(θ− − θ+) +mM sin(θ− + θ+)))2
+B0[M
2
A,m
2
N˜−
,m2ν˜+ ](µ sin β cos(θ− − θ+)
+ cos β(Aν cos(θ− − θ+)−mM cos(θ− + θ+)))2
+B0[M
2
A,m
2
N˜+
,m2ν˜− ](µ sin β cos(θ− − θ+)
+ cos β(Aν cos(θ− − θ+) +mM cos(θ− + θ+)))2
]]
(B.8)
ΣνZZ(M
2
Z) = −
g2
32c2wπ
2
[
cos4 θA0[m
2
ν ] +
1
2
(3 + cos 2θ) sin2 θA0[m
2
N ]
+2 cos4 θ
(
m2νB0[M
2
Z ,m
2
ν ,m
2
ν ]−B00[M2Z ,m2ν ,m2ν ] +
M2Z
2
B1[M
2
Z ,m
2
ν ,m
2
ν ]
)
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+2 sin4 θ
(
m2NB0[M
2
Z ,m
2
N ,m
2
N ]−B00[M2Z ,m2N ,m2N ]+
M2Z
2
B1[M
2
Z ,m
2
N ,m
2
N ]
)
+
1
2
sin2 2θ
(
mν(mν +mN )B0[M
2
Z ,m
2
ν ,m
2
N ]− 2B00[M2Z ,m2ν ,m2N ]
+M2ZB1[M
2
Z ,m
2
ν ,m
2
N ]
)]
(B.9)
Σν˜ZZ(M
2
Z) =
g2
64c2wπ
2
[
A0[m
2
ν˜− ] cos
2 θ− +A0[m2ν˜+ ] cos
2 θ+ (B.10)
+A0[m
2
N˜−
] sin2 θ− +A0[m2N˜+ ] sin
2 θ+
−4(B00[M2Z ,m2ν˜+ ,m2ν˜− ] cos2 θ− cos2 θ+ +B00[M2Z ,m2N˜− ,m
2
ν˜+ ] cos
2 θ+ sin
2 θ−
+B00[M
2
Z ,m
2
N˜+
,m2ν˜− ] cos
2 θ− sin2 θ+ +B00[M2Z ,m
2
N˜+
,m2
N˜−
] sin2 θ− sin2 θ+)
]
The definitions of the loop functions A0, B0, B1 and B00 appearing in this and the
next appendices can be found, for instance, in ref. [74, 75] (where B00 = B22).
C Dirac case. One-loop contributions from neutrinos and sneutrinos to
the renormalized h Higgs boson self-energy
We present here the result for the one-loop corrections from neutrinos (ν) and sneutrinos
(ν˜) to the renormalized hh self-energy in the case of Dirac neutrinos, obtained in the DR
scheme. Here cw = cos θW .
Σˆνhh(p
2)Dirac =
g2
32c2wM
2
Zπ
2
{
A0[m
2
D]
(
sin2(α+ β)M2Z
+
1
sinβ
(sin(2α − 3β) + 3 sin(2α− β)− 2 sin β)
)
m2D
+sin2(α+ β)M2Z(m
2
DB0[M
2
Z ,m
2
D,m
2
D]
−2B00[M2Z ,m2D,m2D] +M2ZB1[M2Z ,m2D,m2D])
−2cos
2 α
sin2 β
(2m4DB0[p
2,m2D,m
2
D] + p
2B1[p
2,m2D,m
2
D])
+2M2Am
2
D
cos2(α− β) cos2 β
sin2 β
B1[M
2
A,m
2
D,m
2
D]
}
(C.1)
Σˆν˜hh(p
2)Dirac = − g
2
256c2wM
2
Zπ
2
{
A0[m
2
ν˜1 ]
[
8M2Z sin
2(α+ β) cos2 θ˜ + 2mD
sin(α− β) sin 2θ˜
sin β
×
(µ(3 sinα− sin(α− 2β)) +Aν(3 cosα+ cos(α− 2β)))
]
+A0[m
2
ν˜2 ]
[
8M2Z sin
2(α+ β) sin2 θ˜ − 2mD sin(α− β) sin 2θ˜
sinβ
×
(µ(3 sinα− sin(α− 2β)) +Aν(3 cosα+ cos(α− 2β)))
]
− 1
16
1
sin2 β
B0[p
2,m2ν˜1 ,m
2
ν˜1 ]
[
2(8m2D −M2Z) cosα
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+2M2Z(cos(α+ 2β)− 2 cos 2θ˜ sin β sin(α+ β))
−8mD sin 2θ˜ cosα(Aν + µ tanα)
]2
− 1
16
1
sin2 β
B0[p
2,m2ν˜2 ,m
2
ν˜2 ]
[
2(8m2D −M2Z) cosα
+2M2Z(cos(α+ 2β) + 2 cos 2θ˜ sin β sin(α+ β))
+8mD sin 2θ˜ cosα(Aν + µ tanα)
]2
−1
8
1
sin2 β
B0[p
2,m2ν˜2 ,m
2
ν˜1]
[− 4M2Z sin 2θ˜ sinβ sin(α+ β)
+8mD cos 2θ˜ cosα(Aν + µ tanα)
]2
+8m2D cos
2(α− β) cot2 β B0[M2A,m2ν˜2,m2ν˜1 ] (Aν + µ tan β)2
−8M2Z sin2(α+ β)
(
2 cos4 θ˜B00[M
2
Z ,m
2
ν˜1 ,m
2
ν˜1] + 2 sin
4 θ˜B00[M
2
Z ,m
2
ν˜2 ,m
2
ν˜2 ]
+ sin2 2θ˜B00[M
2
Z ,m
2
ν˜2 ,m
2
ν˜1]
)}
(C.2)
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